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Abstract: A new low-temperature, one-pot method is introduced for the preparation of organically passivated
HgTe nanocrystals, without the use of highly toxic precursors. The nanocrystals show bright photo-
luminescence in the infrared telecommunication windows about 1300 and 1550 nm with quantum efficiencies
between 55 and 60%. They have a zinc blende structure with a mean particle diameter of 3.4 nm, thus
exhibiting quantum confinement effects. Particle growth is self-limited by temperature quenching, so a narrow
size distribution is obtained. The measured size of the particles agrees with calculations using the
pseudopotential method.

Over the past decade the preparation and characterization of
semiconductor nanocrystals (NCs) has met with increasing
interest.1-4 These colloidal quantum dots (QDs), as they are
also referred to, show potential for applications in diverse fields
ranging from LEDs,5 lasers,6 and solar cells7 to bio-organic
tagging.8 Any preparation method has to produce monodisperse
and highly crystalline quantum dots in order to fulfill this
potential. In general, this is achieved either by synthesis in an
aqueous medium9 or via an organometallic route.10 The latter
method provides a relatively simple way for the preparation of
organically soluble II-VI semiconductor NCs capped by tri-
n-octylphosphine oxide (TOPO) and is now used to prepare
various semiconducting QDs.11,12

While II-VI semiconductor NCs such as CdSe have been
prepared routinely and extensively studied, the synthesis of
mercury chalcogenide QDs still remains a challenge. Of these
chalcogenides, HgTe is of interest for applications in the
optoelectronics industry, since its emission covers the low-loss
transmission windows in silica telecommunication fibers, which

lie at around 1300 nm (0.95 eV) and 1550 nm (0.79 eV).13 HgTe
NCs stabilized by 1-thiolglycerol have been successfully
prepared by aqueous methods.14 However, an additional ligand-
exchange step has to be undertaken to produce organically
soluble QDs, which are required for spin-coating processes used
in LED fabrication.15 This can lead to a decrease in the PL
efficiency and a shift in the PL emission maximum.16 Brennan
et al. were the first to investigate an organometallic approach
to the preparation of HgTe.17 They reported fast growth and
flocculation of the particles to bulk HgTe on exposure to room
lights. Green et al.18 used a modification of the early tri-n-
octylphosphine (TOP/TOPO) method10 to grow large organically
passivated NCs of HgTe along with some bulk material. The
particles did not show quantum confinement properties nor any
detectable PL. Unlike other II-VI semiconductors that require
high temperatures (120-300°C) for the growth of high-quality
NCs, the growth was too rapid even at the relatively low
temperature of 70°C because of the ionic nature of HgTe. Here
we show that temperature quenching rather than heating gives
high quality crystalline NCs. We report for the first time a one-
pot organometallic preparation of organically soluble HgTe
nanoparticles with a spherical shape, narrow size dispersity and
a high PL quantum yield in the near-IR telecommunication
windows.
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In a typical synthesis mercury(II) acetate (0.33 g, 1.0 mmol)
was dissolved in ethanol (15 mL). Hexadecylamine (1.00 g, 4.2
mmol) was added to the reaction solution and after dissolving
immediately formed a white precipitate on reaction with the
mercury precursor. This precipitate went into solution upon
gently heating the reaction mixture to 50°C with vigorous
stirring under nitrogen flow. Once a clear solution had formed,
it was cooled by immersion of the flask in dry ice. During the
cooling a TOPTe complex, formed by dissolving tellurium
powder (0.13 g, 1.0 mmol) in TOP (2 mL), was slowly added
dropwise to the mercury precursor solution. The solution slowly
turned brown and eventually a precipitate was formed, typically
on addition of 0.3 mL of the TOPTe solution, as the mixture
reached a sufficiently low temperature. At this stage no more
tellurium precursor was added. The mixture was then allowed
to cool completely and left at-78 °C for about 10 min until it
had solidified. Samples from the mixture were taken and
dissolved in toluene for further investigation. The crystals were
precipitated by washing the cold reaction mixture with ethanol
(50 mL). The precipitate was collected by centrifugation, washed
again with acetone (50 mL), isolated by a second centrifugation,
and dried under vacuum. The final product took the form of a
dark brown powder, which could be dissolved readily in toluene.

The reaction of mercury(II) acetate with TOPTe in cold
ethanol as described above resulted in the formation of nanosized
zinc blende HgTe. The particles are crystalline, as determined
by powder X-ray diffraction (XRD) measurements shown in
Figure 1. The wide-angle peaks indicate the zinc blende phase
and correspond to diffractions from the 111, 220, and 311 planes
of bulk HgTe coloradoite. The angular positions of the peaks
are the same as those obtained by Harrison et al. for HgTe
prepared in water.14 The peaks are broadened compared to those
of bulk HgTe, indicating the small particle size. The mean size
of the particles is estimated to be 3.2 nm in diameter from the
full width at half-maximum of the 111 reflection using the
Scherrer equation (assuming a shape parameter of 0.9) and are
therefore similar in size to those produced by aqueous methods.
It is remarkable, given the normal growth temperatures for NCs,
that good quality crystals are obtained at the low temperatures
used in this synthesis. Electron microscopy of the HgTe QDs
(Figure 2) shows almost spherical particles with a mean diameter
of 3.5 nm and a size variation of about(10%. The average
particle size is in good agreement with the value from powder
XRD. The particle sizes are very small compared to previous

organometallic preparations, highlighting the importance of a
low-temperature reaction. The chemical composition of the
HgTe NCs was determined by ICP measurements. The ratio of
Hg:Te was found to be 1.4:1, meaning the crystals are mercury-
rich. CdSe QDs prepared by organometallic routes showed
similar deviation from the expected Cd:Se ratio of 1:1, which
was attributed to nonstoichiometric, cadmium-rich surface
layers.19

The absorption spectra of HgTe crystals dispersed in toluene
were taken immediately after preparation and subsequently after
2 weeks of aging in the toluene solvent. Typical results are
shown in Figure 3. Bulk HgTe has a small negative band-gap
at room temperature, so the observation of a well-defined
absorption peak from the freshly prepared sample at 1120 nm
confirms quantum confinement. After 2 weeks the peak is
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Figure 1. Powder X-ray diffraction pattern of HgTe nanoparticles freshly
isolated as a dry powder. Also shown are the reflections from zinc blende
bulk HgTe (coloradoite).

Figure 2. The TEM image of HgTe QDs freshly isolated as described in
the text and redissolved in toluene shows roughly spherical particles. The
scale bar represents 20 nm.

Figure 3. Absorption spectra of HgTe nanoparticles prepared as described
in the text. The more pronounced peak at 1120 nm (full line) belongs to
the freshly prepared particles, and the one at 1290 nm (dashed line) belongs
to a sample after 2 weeks of aging.
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broadened with a red shift to∼1290 nm. No significant further
shift is observed after even longer aging time periods. This aging
effect will be discussed below. The absorption peaks can be
used to estimate the size of the HgTe NCs via comparison with
the calculations of the variation of band-gap with particle size.
The effective mass approximation was previously used for HgTe
NCs,18 but it breaks down when the particle diameter is small.
The pseudopotential calculation includes nonparabolic dispersion
of the band-edge states and has been previously used by us to
calculate the radii of CdTe QDs.20,21 Both calculations are
limited by the assumption of an infinite potential and closer
agreement with experimental results would be expected if the
actual confinement of the electrons and holes were considered.
This is not possible without a free parameter, since the band
offsets between the conduction and valence bands of the
semiconductor and the LUMO and HOMO energies of the
stabilizer and solvent are unknown. The closed square data
points of Figure 4 show the band-gap energy as a function of
HgTe NC diameter obtained using pseudopotential calculations,
assuming spherical particles. Published zinc blende HgTe
pseudopotential form factors were used,22 and the spin-orbit
interaction was modeled as previously described.23 On the basis
of these calculations we can estimate the particle diameter from
the first absorption peak at 1120 nm ()1.105 eV) to be 3.0
nm, which, as Figure 4 shows, agrees well with the results
obtained from powder XRD and TEM. The band energy is also
calculated using the effective mass approximation. The results
are shown as closed triangles in Figure 4 and predict a diameter
of 6.7 nm for a corresponding absorption peak of 1120 nm,
which does not agree with structural measurements. Hence, the
pseudopotential calculation provides a much more accurate
estimation of the particle size, especially for smaller diameters.
Using the pseudopotential calculation a size distribution of
(20% is obtained from the spectral width of the exciton
absorption feature of the NCs.

In contrast with previous attempts to synthesize organically
passivated HgTe QDs,17,18 the nanoparticles prepared by our
method show strong luminescence in the range between 1200
and 1600 nm, thus covering the 1.3 and 1.55µm windows,
which are important for telecommunication applications. PL
emission spectra, shown in Figure 5, were taken from samples
dissolved in toluene, excited by a HeNe laser (632.8 nm).
Freshly prepared HgTe nanoparticles show strong PL emission
with a peak maximum at∼1200 nm. The quantum efficiency
(QE) of the HgTe nanocrystals was estimated using a compara-
tive method as previously used for CdSe and CdTe QDs.26 The
dye Pyridine 2 was used as the standard and had a QE of∼15%
as measured using an integrating sphere.27 Freshly prepared
HgTe NCs show a quantum efficiency between 55 and 60%,
which compares well with the best results achieved for thiol-
stabilized HgTe.13,14 Aging is observed after 2 days when the
particles are left in solution and stored in the dark in air. The
peak shifts to a wavelength of 1320 nm. Samples that were
isolated and washed with ethanol and then redispersed in toluene
show similar behavior when kept in solution for a similar time
period. The aging of the particles was monitored over 8 weeks,
but after aging for approximately 2 weeks, the PL spectrum
remains constant over time. Noting that the trough in the
2-week-old PL spectrum at∼1400 nm is due to a transmittance
minimum of toluene at this wavelength, the aged PL spectrum
covers both the infrared telecommunication fiber transmission
windows at 1.3 and 1.55µm.16 The quantum efficiency
maintains a relatively high value of∼26% after 2 weeks. The
red shift and broadening of both absorption and PL spectra
during the aging process suggest a colloidal growth process. In
particular, the red-shift of the PL maximum, the broadening of
the absorption and emission lines, and the asymmetry of the
latter spectrum for aged samples appear to be consistent with
the defocusing of the particle size distribution predicted by
recent Monte Carlo simulations of Ostwald ripening.24,25 A
similar aging effect was also observed for thiol-stabilized water-
soluble HgTe particles.13 However, for the present method it is
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Figure 4. Calculated band gap versus diameter for HgTe QDs using the
pseudopotential method (squares) and effective mass theory (triangles). For
the pseudopotential calculation the semimetal-to-semiconductor transitions
is predicted to occur atD ≈ 18 nm. The open circle and open square give
the diameter of QDs calculated from X-ray data and TEM images. The
lines on the calculated graphs are a guide to the eye only. The inset shows
the same information on a different spatial scale.

Figure 5. PL spectra of HgTe QDs taken for freshly prepared (solid line),
2-day-old (dashed line), and 2-week-old (dotted line) nanocrystals in toluene.
All samples were excited with a HeNe laser at 632.8 nm.
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remarkable that the particles keep growing to a saturated limit
at room temperature in toluene even after they have been isolated
and stored as a powder. Taking the absorption peaks for fresh
and aged particles and calculating the size by the pseudopotential
method give a change in the particle diameter of approximately
0.5 nm. The band energies of NCs are sensitive to their environ-
ment, so an alternative explanation for the spectral changes on
aging may be a surface modification of the NCs in solution,
which changes the potential energy of the NC environment. The
loss in QE during the aging process may indicate a small degree
of oxidation, leading to the formation of surface trap states,
which in turn quench the photoluminescence.

Unlike the aqueous growth method, which gives a broad
distribution of particles sizes, particle growth is self-limiting
by temperature quenching so that only a narrow distribution
(e(20%) is obtained. The synthesis is highly reproducible with
variations in the absorption peak of only(30 nm over several
samples. The current procedure gives NCs that emit in the
important telecommunications windows, but different particles
sizes may be obtained by initiating growth at higher temperatures
or by adding larger quantities of TOPTe to the cadmium
precursor solution.

In conclusion, a new and simple low-temperature approach
to organically passivated HgTe QDs is presented. The particles

exhibit strong PL, which covers the IR range between 1200
and 1600 nm with QEs between 55 and 60%. This property
makes the particles potentially interesting for telecommunication
applications, e.g., optical amplification or hybrid inorganic-
organic light-emitting diodes (HIOLEDs). The present one-pot
synthesis produces organically soluble NCs that show quantum
confinement effects and a highly crystalline zinc blende
structure. The diameter of the particles was estimated from
powder X-ray diffraction data and TEM images and found to
lie in the range of 3.4( 0.3 nm. The experimental results were
found to be incompatible with effective-mass theory, assuming
infinite potentials. However, they are in good agreement with
theoretical calculations using the pseudopotential method as-
suming infinite potentials, thereby demonstrating the importance
of effects such as band nonparabolicity in the simulations.
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