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Indium phosphide (InP) nanocrystals[1] are of significant
interest for use in optoelectronic devices, specifically as a
replacement for CdSe nanocrystals in commercial applica-
tions. However, the current mechanistic understanding and
synthetic procedures for InP nanocrystals has not yet reached
the same level as for CdSe nanocrystal synthesis.[2] Using a
truly continuous three-stage microfluidic reactor to precisely
tune reaction conditions in the mixing, aging, and sequential
growth regimes, our study described here builds on previous
InP nanocrystal synthetic[3] and mechanistic work[4] to probe
the significant experimental parameters involved in InP
nanocrystal syntheses. We find that the growth of InP
nanocrystals is dominated by the aging regime, which is
consistent with a model of InP nanocrystal growth where
nanocrystal growth is dominated by nonmolecular processes
such as coalescence from nonmolecular InP species and
interparticle ripening processes.[4] The InP growth model is in
contrast to the molecular-based growth of nanocrystals as
observed in CdSe and PbSe nanocrystals.[2a–f] We observe that
the size of InP nanocrystals is predominantly dependent on
the concentration of free fatty acid in solution and the aging
temperature. Other experimental parameters such as injec-
tion temperature and particle concentration do not appear to
significantly affect InP nanocrystal size or size distributions.
In addition, we probe the ability to grow larger InP nano-
crystals through the sequential injection of precursors in the
third stage of the microfluidic reactor.

The use of high temperatures and high pressures in a
continuous microfluidic system allows for a wide selection of
solvents, precursors, and ligand systems, providing a vastly
increased parameter space to explore synthetic conditions.
The utilization of low-molecular-weight solvents at high
pressures offers supercritical conditions tunable from liquid

to gaslike,[5] providing high diffusion rates, improved mixing,[6]

and the ability to solubilize various compounds inaccessible
by solvents employed in traditional nanocrystal synthe-
ses.[2b,c,3,7] The use of a supercritical solvent in a microfluidic
reactor results in narrower residence time distributions,
producing homogeneous reaction conditions ideal for nano-
crystal synthesis.[8] Microfluidic systems allow precise control
over reaction conditions and reproducibility[9] as a result of
rigorous control of heat and mass transfer.[10] In addition, the
microfluidic system can be utilized for fast screening of
reaction parameters with in situ reaction monitoring.[11]

Figure 1 illustrates our truly continuous three-stage sili-
con-based microfluidic system consisting of mixing, aging, and
sequential injection stages operating at a pressure of 65 bar,

without incorporating any manual batch manipulation
between synthesis steps.[2h] We have separated each stage in
order to independently probe mixing and aging processes. The
first two stages of the reactor were utilized for the systematic
study of InP nanocrystal formation (Figure 1a,b). The mixing
reactor was maintained at a uniform temperature to inves-
tigate the effect of different mixing temperatures. Alterna-
tively, the first reaction stage can be heated to create a
temperature gradient in order to rapidly obtain highly
crystalline InP nanocrystals with relatively narrow size
distributions (see Figure S1 in the Supporting Information,).
The second (aging) stage of the reactor was operated at

Figure 1. Three-stage high-temperature and high-pressure microfludic
system with a) a mixing stage, b) an aging stage, and c) a sequential
injection microreactor with six additional injection channels. The
channel widths and depths range from 80–400 mm. The sequential
injection microreactor includes pressure drop zones with high flow
resistance to obtain uniformly distributed injections and to prevent
any backflow. TMS= trimethylsilyl.[*] J. Baek, Prof. K. F. Jensen
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temperatures ranging from 200–340 8C to study the effect of
aging temperature. In the third stage of the system, a
sequential injection reactor (Figure 1c) was used to supply
more molecular precursors for the further growth of InP
nanocrystals. In the case of most InP nanocrystal syntheses,
both the aging and sequential growth reactors were main-
tained at 320 8C to utilize supercritical octane (Tc = 296.17 8C
and Pc = 2.50 mPa). Octane was selected as the solvent in
order to provide excellent mixing, fast diffusivity, and
sufficient density for the solubilization of all reagents.

By utilizing a two-stage microfluidic reactor (Fig-
ure 1a,b), we were able to systematically investigate the
effect of different mixing and aging conditions. Notably, this
separation of reaction conditions is not obtainable in a
traditional benchtop set-up. Indium myristate [In(MA)3] in
octane was mixed with a 2:1 ratio with tris(trimethylsilyl)
phosphine [(TMS)3P] (see Figure S2 in the Supporting
Information) at various temperatures in the first “mixing”
reactor stage for 2 minutes, and subsequent aging at different
reaction temperatures for 1.5 minutes in the second “aging”
reactor stage. We were not able to observe a significant
change in InP nanocrystal size or size distributions using a
range of different mixing temperatures, with a constant aging
temperature of 320 8C (Figure 2a). However, we observed an
increasingly prominent first absorption feature at higher
aging temperatures (Figure 2b).

The growth of InP nanocrystals appears to be largely
independent of a classical “nucleation” process as the InP
molecular precursors are rapidly depleted regardless of
temperature.[4] These results are in stark contrast to the
common models for monodisperse colloidal growth observed
in CdSe nanocrystal nucleation and growth.[2f,g] In the absence
of amines or other inhibiting reagents, the molecular phos-

phorus precursors are immediately depleted during mixing,
independent of the mixing temperature. The temperature
dependence of the aging process can be rationalized as the
growth of InP nanocrystals being dominated by nonmolecular
processes which are enhanced at higher temperatures. The
nonmolecular growth of InP nanocrystals could be the cause
of non-spherical InP nanocrystals, in comparison to CdSe or
PbSe nanocrystals grown from molecular species. The coa-
lescence of nonmolecular InP species may occur similarly to
the recently reported coalescence growth model for gold
nanoparticles.[12]

We investigated the effect of In(MA)3 concentration on
particle size and size distributions (Figure 2c), and found the
synthesis to be largely independent of precursor or particle
concentration. The independence of nanocrystal size on
precursor concentration is in contrast with the behavior of
II–VI CdSe nanocrystals.[8b]

Next, we sought to investigate the role of free fatty acids
on particle size. As this work and previous works indicates
that InP nanocrystal growth is dominated by non-molecular
processes, the introduction of free fatty acids could enhance
interparticle ripening processes by etching processes.[13]

In(MA)3 and (TMS)3P were mixed in a 2:1 ratio at 120 8C
prior to the injection of excess myristic acid.

Free myristic acid was added after the depletion of
molecular In and P precursors to ensure we probed the
activity of carboxylic acids on interparticle ripening processes,
and not promoting molecular side reactions of carboxylic
acids with the molecular P precursor.[14] The aging stage was
kept at a constant temperature of 320 8C, with a constant
residence time of 2.7 minutes.

Figure 3a demonstrates that in the absence of free
myristic acid (MA:In ratio of 3.0) the first absorption feature

Figure 2. Absorption spectra of InP nanocrystals obtained at a variety
of mixing and aging conditions. Micofluidic reactor operating with
40 mm In(MA)3 and 20 mm (TMS)3P at a) different mixing temper-
atures followed by aging at a constant temperature of 320 8C and
b) constant mixing temperature at 1508C followed by aging at different
temperatures. c) Absorption spectra with different In(MA)3 concentra-
tions using temperature gradient in the first reactor stage and a 4 min
residence time with a temperature of 320 8C in the second reactor
stage. Spectra are offset for clarity in (a–c); absorbances are valid for
the lower spectra.

Figure 3. a) Absorption spectra of InP nanocrystals synthesized with
various myristic acid to indium ratios. b) TEM image of 4 nm InP
nanocrystals. c) WAXS patterns of 2 nm and 4 nm diameter InP
nanocrystals. Spectra are offset for clarity in (a) and (c); absorbance/
counts are valid for the lower spectra.
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was located at 495 nm, corresponding to the formation of InP
nanocrystals of approximately 2 nm in diameter.[15] With an
increasing ratio of myristic acid to indium the first absorption
feature shifted to longer wavelengths of up to 650 nm,
corresponding to InP nanocrystals of 4.3 nm in diameter.
The wide-angle X-ray scattering (WAXS) confirmed a zinc
blende InP structure, and Scherrer analysis of the peak shapes
corresponded to the appropriate InP nanocrystal crystalline
coherence lengths. In addition, the InP nanocrystal size and
shape was probed by transmission electron microscopy
(TEM), and further corroborated our assignment of size
and structure to the InP nanocrystals.

The addition of excess myristic acid was found to be the
dominant experimental parameter in the control of InP
nanocrystal size. The excess myristic acid may promote the
dissolution of active nonmolecular InP species, such as
monomers or small clusters, from the InP nanocrystal surface.
The active InP species can subsequently act as a source of
precursors for the growth of InP nanocrystals in a classical
ripening process.[16] However, other nonmolecular processes
such as the coalescence of particles may also contribute to the
growth process. The drastic effect of free myristic acid on
particle size is consistent with an interparticle ripening model
for InP nanocrystal growth.

Another route to the synthesis of larger InP nanocrystals
is the subsequent injection of additional molecular precursors.
As the molecular phosphorus precursors are immediately
depleted following mixing, additional injections can be a
source of In or P precursors.[7] By using a method analogous to
the SILAR method of overcoating nanocrystals, we alter-
natively supply additional monomers of (TMS)3P and
In(MA)3 through six injection ports. In these reaction
schemes, we utilized a continuous three-stage microfluidic
system which utilizes the third reactor stage for sequential
injections (Figure 1c) following the mixing and aging stages.
InP nanocrystals of approximately 2 nm in diameter were
produced in the first two reaction stages, and then this
solution was directly injected into the third sequential
injection microreactor for further growth. In(MA)3 and
(TMS)3P were injected through six alternating subinjections.
The flow resistance of each of the side injections was made to
be one order higher than the resistance of the main channel by
narrowing the channel widths to 80 mm and elongating the
channel lengths to obtain uniformly distributed injections and
to prevent any backflows. The flow resistances were calcu-
lated with a series solution of Navier–Stokes equation for
rectangular channel dimensions.

Initially, InP nanocrystals were synthesized from 50 mm

In(MA)3 and 25 mm (TMS)3P with a 30 mLmin�1 flow rate at
320 8C aging temperature. As a result of the enhanced mixing
in supercritical octane, only brief residence times were
necessary between alternating injections of 80 mm of
In(MA)3 and 50 mm (TMS)3P (in total six injections). The
amount of the additional In and P precursors that were added
was controlled by tuning the injection flow rates from 5–
30 mLmin�1, corresponding to a ratio of additional (TMS)3P
to initial (TMS)3P ranging from 0.3–2.0. The total residence
time at the sequential injection reactor varied from
1.5 minutes (for 30 mL min�1 additional In(MA)3 and

(TMS)3P flows), providing a 15-second residence time per
injection, and 4 minutes (for 5 mLmin�1 additional flows),
providing a 40-second residence time per injection. The
temperature at the additional injection points was 80 8C, and
for the aging process was 320 8C. This continuous sequential
injection process resulted in a growth of the first absorption
peak from 495 nm to 595 nm corresponding to a size increase
from 2 to 3.2 nm while maintaining a homogeneous size
distribution (Figure 4). The growth of InP nanocrystals,

through the method of sequential injection, allows for precise
control over the growth of larger InP nanocrystals with size
distributions as narrow, or narrower, than the InP nano-
crystals grown by the ripening process.

In summary, we have developed a continuous three-stage
microfluidic system that separates the mixing, aging, and
subsequent injection stages of InP nanocrystal synthesis. The
microfluidic system operates at high temperature and high
pressure enabling the use of solvents such as octane operating
in the supercritical regime for high diffusivity resulting in the
production of high-quality InP nanocrystals in as little as
2 minutes. We have found that the synthesis of InP nano-
crystals is largely independent of many experimental param-
eters that are significant in II–VI CdSe nanocrystal syntheses,
such as mixing temperature and reagent concentrations. The
dominant experimental parameter in the synthesis of InP
nanocrystals is the concentration of free myristic acid in
solution, which significantly contributes to the degree of
interparticle ripening processes. We speculate InP nanocrystal
growth is dominated by nonmolecular processes such as the
coalescence of particles and interparticle ripening. This work
will help in the design of future III–V nanocrystal syntheses,
as reagents that promote interparticle ripening process may

Figure 4. Absorption spectra of InP nanocrystals for various injection
flow rates of In(MA)3 and (TMS)3P in the sequential injection stage of
the microreactor. The InP nanocrystals were synthesized using a
temperature gradient in the mixing stage followed by aging at 320 8C
in the aging stage. Spectra are offset for clarity; absorbance is valid for
the lower spectrum.
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provide a means to control the size and shape of InP
nanocrystals. The further development of microfluidic sys-
tems for the synthesis of III–V nanocrystals may provide a
route to synthesize III–V nanocrystals with precise control of
nanocrystal size and size distributions.

Experimental Section
Microreactor fabrication: Silicon-based microreactors were prepared
as previously reported.[8] Microreactors were designed from flow rate
and pressure drop calculations with Matlab R2009a. Three syringe
pumps (Harvard apparatus, PHD 22/2000 Hpsi, PHD Ultra Hpsi
programmable, and PHD Ultra) were used for solution injections. All
connections, tubes, and devices were made of type-316 stainless steel,
and heating cartridges were made of multipurpose aluminium.

Preparation of precursor solutions: Octane (Sigma, anhydrous,
99%), Tri-n-octylphosphine (Strem, 97 % min.), and all reaction
solutions were dried with 4 � molecular sieves prior to use. (TMS)3P
(Strem) was used without purification. In(MA)3 was prepared as
previously reported.[17] The isolated In(MA)3 solid was solubilized in
octane solution containing 10 vol% Tri-n-octylphosphine.

Characterization: Absorbances were obtained by diluted InP
nanocrystal solution in octane, prior to measure with Hewlett Packard
8452 diode-array spectrometer. TEM images were taken with JEOL
2010 high-resolution transmission electron microscope, and XRD
data were obtained with Rigaku H3R.
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