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ABSTRACT: We report the synthesis of copper iron sulfide
(CuFeS,) quantum dots (QDs). These materials exhibit a tunable
band gap that spans the range 0.5-2 eV (600—2500 nm).
Although the as-prepared material is nonemissive, CuFeS,/CdS
core/shell structures are shown to exhibit quantum yields that
exceed 80%. Like other members of the I-III—VI, family QDs,
CuFeS, based nanoparticles exhibit a long-lived emission that is
significantly red-shifted compared to the band gap. CuFeS, QDs
are unique in terms of their composition. In particular, these QDs
are the only band-gap-tunable infrared chromophore composed

entirely of elements with atomic numbers less than 30.

Core/Shell

B INTRODUCTION

The ever-increasing interest in cheap, efficient, solution
processable photovoltaics’ has inspired considerable research
into the development of infrared semiconductor materials.
Besides their importance for photovoltaics,2 infrared semi-
conductor quantum dots (QDs) are useful in a range of other
applications, including photodetection® and fluorescence label-
ing.* Most infrared semiconductor QDs that have band gaps
tunable in the 0.5—1.5 eV region are composed of heavier
elements. Examples include PbSe,”™” CdTe "> SnTe,'*'*
InSb,">*¢ HgTe,17_19 CuInSez,20_23 Ge,**** and AgZSe.zé’27
QDs composed of Cu,$**7 and FeS,”"** exhibit only a
limited band gap tunability. The involvement of heavier
elements such as lead,® cadmium,”* and tin® in near-infrared
semiconductors limits their large-scale usage because of both
economic and environmental considerations. Even a seemingly
innocuous metal such as tin®>** has been found to be extremely
toxic and hazardous in its divalent state.

Here we report a synthesis of copper iron sulfide QDs.
CuFeS, is a naturally occurring mineral with a distinctive
golden luster. It usually occurs in a tetragonal chalcopyrite
structure. Although its abundance suggests its stability under
terrestrial conditions, CuFeS, remains difficult to synthesize in
a laboratory setting. In particular, there have been no previous
reports of size tunability or luminescence of CuFeS, based
QDs.

As a semiconductor, CuFeS, is reported to have a bulk band
gap in the region of 0.5—0.6 eV.*>*” CuFeS, is rather unique
even among the copper ternaries because of the partial (+II)
oxidation state character of the copper centers. Besides its
obviously useful band gap,”® CuFeS, plays host to several other
physical phenomena such as thermoelectricity”” and ferroelec-
tricity.*”*" The exploration of its unusual physical properties
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however remains stymied by the lack of a stable synthetic route
to CuFeS, QDs and core/shells.

B SYNTHESIS

We synthesized CuFeS, QDs as well as core/shell structures
through a colloidal chemical route, and analyzed their
structural, optical, and electronic properties.

In a typical synthesis, Cu(CH;COOQ), and FeCl, were taken
in a round bottomed flask. 1-Octadecene (ODE, 2 mL) was
employed as a solvent, while oleic acid (2 mL) was used as a
ligand. The reaction mixture is first heated to 100 °C under
vacuum for 5 min. The reaction mixture is then heated to 120
°C under argon for 10 min. At this stage, the metal precursors
are observed to dissolve in the reaction mixture, imparting a
brownish color. A 1.5 mL volume of dodecanethiol (DDT) is
now injected into the flask and the contents are heated to 180
°C to initiate the nucleation of CuFeS, QDs. Within a few
seconds of this heating step, the contents of the flask turn from
brown to pale yellow in color. Sulfur in oleyl amine (see the
Supporting Information for preparation details) is now injected
dropwise (0.1 mL/min) to this solution. The growth solution
darkens rapidly upon the addition of the sulfur precursors.
These color changes are associated with the appearance of
CuFeS, QDs. These QDs exhibit typical signs of quantum
confinement such as a tunable band gap. Through this synthetic
route, it is possible to prepare QDs that exhibit absorption
edges ranging from 2 eV to about 0.5 eV (bulk band gap of
CuFeSz),36 thereby sampling strong, intermediate, and weak
confinement regimes of this material (see Figure 1a). The as-
prepared CuFeS, QDs have a tetragonal chalcopyrite structure.
This is exemplified in Figure 1b. The excellent agreement of the
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Figure 1. (a) Tunable absorbance of CuFeS, QDs. (b) XRD pattern of CuFeS,. (c, d) TEM images of CuFeS, QDs. (e—g) HRTEM images of
CuFeS, QDs showing lattice fringes. The red lines indicate interplanar spacings. A 0.33 nm spacing corresponds to the (112) plane of a tetragonal
chalcopyrite structure, while a 0.19 nm spacing corresponds to the (204) plane.

pattern exhibited by QDs (red, top) with the bulk patterns
(blue, bottom) as well as the absence of secondary phases is
indicative of a high structural purity of these materials.
Transmission electron micrographs (TEM) of these particles
suggest a monodisperse ensemble with an 11.9% size
distribution (Figure lc,d). High resolution TEM (HRTEM)
shows the presence of high quality single crystalline QDs with a
chalcopyrite phase, as observed in X-ray diffraction (XRD;
Figure le—g). Interplanar spacings of 0.33 and 0.19 nm are
observed, corresponding to the (112) and (204) planes.

The synthetic route adopted by us requires the complete
initial dissolution of iron and copper precursors prior to
addition of the thiol. Addition of thiol to incompletely
solubilized metal precursors is found to lead to nucleation of
undesirable phases corresponding to iron and copper sulfides.
Further, the slow sulfur injection allows for a very precise
control of the QD band gap. Figure 2a shows the evolution of
the band gap during a typical synthesis. Progressive growth
leads to a shift of the sample band gap to around 0.5 eV over 12
min (Figure 2a, red diamonds). This shift of the band gap is
accompanied by a simultaneous narrowing of the diffraction
lines corresponding to various chalcopyrite reflections. Figure
2a shows that the reflection corresponding to the (112) plane
(blue circles) narrows to 0.5°, indicating a corresponding
increase in crystallite size. The corresponding patterns are
shown in the inset. We further note that no secondary phases
are observed at any stage, suggesting a relatively straightforward
nucleation and growth picture for the formation of these QDs
under the above-mentioned reaction conditions.

Our synthetic method also emphasizes lower growth
temperatures as opposed to other CuFeS, nanoparticle
preparation schemes reported in the literature. We note that
the use of high temperatures (>200 °C) leads to a very rapid
nanoparticle growth, and consequently the resulting particles
do not exhibit size tunability or quantum confinement. In
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Figure 2. (a) Variation of full width at half maximum (fwhm) of the
(112) reflection (blue circles) and band gap (red diamonds) as a
function of growth time. (b) Variation of band gap with QD size. The
data fit to a bulk band gap of 0.52 eV and a reduced excitonic mass of
0.3S.

contrast, the lower reaction temperature (180 °C) adopted by
us leads to a slower increase in particle size, allowing us to
synthesize precisely controlled size tunable quantum confined

QDs.

B EFFECTIVE MASS

We studied the shift of the band gap as a function of CuFeS,
QD size (Figure 2b). In Figure 2b, the QD sizes have been
determined through TEM imaging. The y axis shows the
absorption onset (optical band gap) of these materials. In each

case, the optical gap is determined from a Tauc plot (e.g,

1
2!
e

Figure S1). The band gap is seen to vary as consistent with

S1Z
a spherical particle in a box. Taking the conduction and valence
band envelop functions of this system to be S-like, it is possible
to extract the excitonic reduced mass of this system. We find
that this material exhibits a rather high excitonic reduced mass
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Figure 3. (a) TEM image of CuFeS,/CdS QDs. (b) XRD pattern of CuFeS,/CdS QDs (black). The standard patterns of CuFeS, (red, bottom) and
CdS (blue, top) are also shown. (c) XPS spectra of the copper edge of CuFeS, (orange, dashed) and CuFeS,/CdS QDs (black). (d) XPS spectra of
the iron edge of CuFeS, (orange, dashed) and CuFeS,/CdS QDs (black). (e) XPS spectrum of CuFeS,/CdS QDs, showing the cadmium edge. (f)
Variation of the ratios of cadmium (brown, circle), copper (red, diamond), and iron (green, square) across the QD profile, as revealed by layer-by-
layer etching. (g) Schematic of a CuFeS,/CdS QD as inferred from panels (a)—(f). (h) PL emission from CuFeS,/CdS QDs. Inset: Emission from

red (87% QY) and yellow (54% QY) emitting QDs.

of ~0.35 within the effective mass approximation. Coulomb
effects have been neglected in this estimate. For comparison, a
semiconductor such as CdSe exhibits a value of 0.1,** while
PbSe exhibits a much lower value of 0.03.**

The observed empirical size—band gap relationship for
CuFeS, QDs may be written as

4304
==

g [430
E - 0515

Here E is the optical band gap in electronvolts of the QD as
determined from a Tauc plot for a direct gap semiconductor
and d is the particle diameter in nanometers determined from
TEM. This expression has been verified for 3—15 nm QDs.

E + 0.515

or

B CORE/SHELL STRUCTURES

As-prepared CuFeS, QDs do not exhibit measurable
luminescence. It is however found that the growth of a CdS
shell leads to a very significant enhancement in emission. We
employed the surface lability of CuFeS, particles in order to
prepare core/shell structures. While as-prepared QDs are stable
in their growth solutions, it was found that attempts at shell
growth at high temperatures cause the etching and degradation
of the entire ensemble. We therefore synthesized core/shell
architectures at a much lower temperature by treating QDs
with cadmium oleate. This approach is similar to the one
adopted for the synthesis of lead chalcogenide core/shell
architectures.

Briefly, as-prepared CuFeS, QDs were heated to 150 °C.
Cadmium oleate (1 mL of a 0.1 mM solution per 2 mL of the
CuFeS, original solution) was then added. Figure 3a
exemplifies a typical sample of core/shell QDs prepared

10209

through this route. The band gap of these materials is observed
to be blue shifted as the reaction proceeds. We studied the
compositional homogeneity of these materials using energy
dispersive X-ray spectroscopy (EDX) elemental mapping with a
scanning transmission electron microscope (STEM). This
technique allowed for the determination of elements present
on each QD, thereby demonstrating compositional homoge-
neity. The results of this elemental mapping technique are
exemplified in the Supporting Information, Figures S2 and S3.
We find that CdS growth causes the introduction of cadmium
into each QD. We were also able to observe simultaneous
signatures of copper, iron, and sulfur from each dot, providing
direct, visual evidence of CdS growth.

The structural changes associated with CdS growth were
studied using XRD. Figure 3b shows a typical pattern of
CuFeS,/CdS QDs (black) produced by this route. The
standard patterns of CdS and CuFeS, are indicated by blue
and red curves, respectively. The lack of a clear CdS or CuFeS,
pattern in these materials as well as the intermediate position of
the resulting pattern implies alloy formation in terms of
Vegard’s law.** While Vegard’s law allows for the estimation of
alloy composition, it nevertheless represents only an averaged
picture. Local structural inhomogeneities are not observable via
this technique. In order to further examine the precise effects of
the CdS shell, we studied the surfaces of these QDs using X-ray
photoelectron spectroscopy (XPS). The photoelectron spectra
obtained from pure CuFeS, QDs are shown in Figure 3c,d
(yellow, dashed lines). XPS therefore shows the presence of
both cations on the surface of as-prepared CuFeS, QDs.” The
core/shell growth procedure leads to the disappearance of Cu
and Fe lines from XPS spectra (Figure 3c,d, black lines) along
with the appearance of Cd lines (Figure 3e). XPS analysis thus
indicates the formation of a CdS overlayer on CuFeS, QDs
through the shell growth procedure.*
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In order to understand the nature of the CuFeS,—CdS alloy
that is suggested by XRD, we examined the composition profile
of CuFeS,/CdS QDs by slow digestion. CuFeS,/CdS QDs
were separated from the reaction mixture by treatment with
alcohols. The QDs were then treated with dilute (2 N) nitric
acid to induce slow etching. The etched ions were then
quantitatively transferred into a volumetric flask. The ratios as
well as the total moles of ions removed by this procedure were
determined through inductively coupled plasma optical
emission spectroscopy (ICP-OES).

This procedure enables a layer-by-layer reconstruction of
these QDs. This is shown in Figure 3f. We find that the outer
layers indeed contain larger amounts of cadmium, while the
inner layers contain increasing amounts of copper. Apart from
its absence from the surface (inferred from XPS), the mole
fraction of iron does not change significantly through the QD.
Instead, the cadmium treatment largely replaces copper ions in
the shell region. At the same time, the inner core (~2.0 nm in
this case), remains CuFeS,-like. These results are qualitatively
summarized in Figure 3g. It is important to note that the first
step of the digestion procedure removes 20% of the CuFeS,/
CdS QD. The data points at +3.7 nm thus represent an
averaged composition of the outer layers of the QD, rather than
just the surface composition. The existence of a composition
gradient across the QD is nonetheless apparent, with the
surface being cadmium rich and copper deficient, while the core
region is copper rich. Despite this composition gradient, the
overall volume averaged copper to iron ratio for the entire QD
is observed to be 1:0.9, consistent with its interpretation as a

CuFeS,/CdS graded alloy core/shell.

B LUMINESCENCE

Besides its structural implications, treatment with cadmium and
sulfur precursors leads to the appearance of a strong emission
from these materials. The emission band red shifts as the QD
size is increased; for example, a 5.4 nm QD is found to exhibit
emission at 1.59 eV, while a smaller 3 nm QD has an emission
maximum at 1.65 eV. The size dependence of the emission
implies the involvement of quantum confined levels in the
emission process; however, the full extent of their role still
needs to be elucidated. Figure 3h exemplifies the emission
spectra of CuFeS,/CdS QDs. These materials are highly
emissive over the 0.7-2.5 eV window, with the highest
observed quantum yields (QYs) as high as 87% at 1.87 eV. It is
further noteworthy that CuFeS,/CdS QDs that are tuned to
the visible wavelengths have remarkably small sizes, e.g. 2.4 nm
in this particular example. The inset to Figure 3h exemplifies
bright visible luminescence from CuFeS,/CdS core/shell
structures. Besides their high QYs, CuFeS,/CdS QDs also
exhibit a broad emission bandwidth with a full width at half-
maximum (fwhm) as broad as 0.48 eV over the range of
samples studied in this work.

Regardless of the broad emission line width as well as the
lack of distinct features in the absorption spectrum, we find that
the CuFeS,/CdS band edge is associated with a surprisingly
sharp bleach feature. The transient absorption dynamics of
these QDs was studied by illuminating the QD sample with a
400 nm, 100 fs pulse derived from a Coherent Libra amplified
laser. The bleach spectrum for a population of <0.1 exciton per
QD was obtained by probing the sample with a broadband
femtosecond probe. Figure 4a shows the transient bleach
spectrum of the QD sample (green dots) 3 ps after the arrival
of the pump. Despite the relatively broad emission line width
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Figure 4. (a) Absorbance, photoluminescence (PL), and transient
pump induced changes in absorbance (A) in CuFeS,/CdS QDs. (b)
Variation of Stokes shift of CuFeS,/CdS QDs as a function of their
band edge 1S feature position. Inset: Schematic of the defect based
mechanism for origin of Stokes shift. The red arrow represents a
radiative transition from the conduction band to a defect level. The
gray arrow represents nonradiative relaxation, and the blue double
arrows represent the Stokes shift. The QD on the left is smaller in size
and has greater confinement than the QD on the right.

(0.34 eV, dashed red curve), the bleach feature that is observed
after complete electronic cooling exhibits a narrower line width
of 0.21 eV (solid green curve). The existence of a strong long-
lived bleach implies the persistence of electrons at the QD band
edge. At the same time, the significantly different widths of the
absorption and emission features are indicative of a significantly
phonon coupled emission, such as expected from a defect state.
A defect based emission mechanism is also accepted as the
explanation of the properties of other copper based ternaries
such as CulnS,."”*" Since the valence band of copper based I—
II-VI, ternaries is known to be derived from copper and
chalcogenide atoms, the existence of a similar family of copper
related defects in CuFeS, is very likely."” We find that the
optical properties of CuFeS,/CdS QDs are indeed consistent
with such an interpretation.

For example, it is further apparent that the emission
maximum is significantly Stokes shifted relative to the bleach
feature. In the example shown in Figure 4a, the emission is 0.16
eV red shifted relative to the bleach feature, and 0.23 eV relative
to the lowest excitonic feature (at 2.1 eV on the blue curve).
We further note that the Stokes shift of CuFeS,/CdS QDs
decreases for large QDs (Figure 4b). We observe a linear
increase of the Stokes shift with increasmg QD band gap
energy. Within a defect emission picture,” the Stokes shift
originates from the differences in energy of the quantum
confined energy levels that are responsible for optical
absorption and the defect levels. This is shown in the inset
to Figure 4b. Emission involves an electron at the conduction
band edge and a hole localized at the defect center."””" We
note that the presence of the electron at the conduction band
edge is confirmed from our observation of a strong optical
pump induced bleach feature.”” The Stokes shift (double blue
arrows in Figure 4b, inset) thus arises because of the presence
of a valence band defect within the band gap.”> With increasing
QD size, quantum confinement decreases and the quantum
confined valence band level approaches the defect level. This
leads to a corresponding decrease in the Stokes shift. The data
follow a linear trend (dashed line, Figure 4b) that is expected
from such a description. Extrapolating this line to the bulk band
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gap of the material allows us to estimate the energy of the
defect relative to the CuFeS, bulk valence band. We estimate a
Stokes shift of 0.03 eV for a QD band edge at 0.52 eV, thereby
implying that the defect is ~0.03 eV below the CuFeS, bulk
valence band edge.

A model that involves a delocalized conduction band
electron along with a valence band hole localized at an internal
defect thus completely explains all steady state characteristics of
CuFeS,/CdS QD emission. We further note that the lack of
emission in core-only CuFeS, QDs is consistent with the
nonradiative decay at surface defects. This is discussed further
in the Supporting Information, Figure S4.

The variation of Stokes shift with QD band gap is
accompanied by a corresponding change in the emission
decay kinetics. In general, it is observed that sample lifetimes
increase with decreasing band edge energies. Figure Sa shows
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Figure 5. (a) Emission kinetics of samples with band edges at 1.87 eV
(brown) and 1.65 eV (green). (b) Variation of emission lifetime with
band gap (emission maximum). The dashed line is a fit described in
text.

the emission kinetics observed for two different CuFeS,/CdS
samples. The samples decay with average lifetimes of 503 ns
(brown) and 1117 ns (green), corresponding to the emission
maxima of 1.87 and 1.65 eV, respectively. The decay kinetics
has been measured at the peak of the sample emission in each
case. Emission lifetimes increase by nearly an order of
magnitude as the emission maximum is shifted from 2.2 to
1.4 eV (Figure Sb). The data closely follow a (E — E,)™> curve
(dashed line) that is expected for emission from a defective
system.”’ This relationship is expected based on arguments of
defect—quantum confined level overlap. The overlap of a
quantum confined level with a defect scales inversely with the
QD volume. The confinement energy (E — E,) itself scales as
V-3 where V is the QD volume. Finally, the lifetime itself is
proportional to the inverse square of the overlap, leading to the
(E - Eg)73 dependence on confinement energy. As shown in
Figure Sb, this trend is accurately describes the evolution of
sample kinetics, confirming the involvement of a valence band
defect.

We further studied inhomogeneities in the emission kinetics
of CuFeS,/CdS QDs. As shown in Figure 6a, the emission
profile of a single batch of QDs evolves in time, shifting
increasingly toward redder wavelengths following the initial
photoexcitation. Such inhomogeneities have been previously
observed in CulnS, QDs and have been taken to imply the
existence of defect centers with different characteristic proper-
ties.””>" In the context of CuFeS,/CdsS, this inhomogeneity is
significantly small in magnitude, and is consistent with the
existence of defects with slightly different overlaps with the
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Figure 6. (a) Two-dimensional plot of decay kinetics of a CuFeS,/
CdS sample. (b) Decay traces at the peak (2.1 eV) and fwhm’s (1.86
and 2.32 eV) of the emission. Decay traces have been offset for clarity.

conduction band quantum confined levels.”> This is expected
from a graded alloy structure that gives rise to copper centers
with varying local environments. It is important to note that
this inhomogeneity, exemplified in Figure 6a, is actually fairly
small and does not affect our interpretation of Figure 5. For
example, Figure 6b shows the decay kinetics of the emission
maximum (2.10 eV) as well as the half-maximum positions of
the emission band (1.86 and 2.32 eV). We observe average
lifetimes of 411 ns at 1.86 eV, 403 ns at 2.10 eV, and 386 ns at
2.32 eV. The variation of lifetimes across a band is thus clearly
small compared to the variation of lifetimes across different
samples. At the same time, this variation of lifetimes does lead
to a systematic red shift of the emission maximum at longer
times. We thus find that all structural and optical properties of
CuFeS, QDs can be consistently explained by a valence band
defect based emission picture, described in the inset to Figure
4b*® and Figure S$4 in the Supporting Information.

B CROSS SECTIONS

The strong luminescence of CuFeS, based QDs as well as their
large size tunability suggests a vast potential in optoelectronics.
In particular, CuFeS, based QDs could possibly replace II-VI
and III-V materials in the visible to near-infrared region in
certain cases. In order to explore its potential in this
spectroscopic region further, we examined the optical
absorption cross sections of CuFeS, QDs. We find that
CuFeS, is a strong light absorber, making it quite interesting for
a range of optical and optoelectronic applications. Figure 7
shows the volume normalized optical cross section of a 4 nm
sample of CuFeS, QDs. Volume normalized cross sections
between 10 and 10* cm™! are observed in the 1—1.5 eV region,
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Figure 7. Cross section per unit volume of a CuFeS, QD.

DOI: 10.1021/jacs.6b04981
J. Am. Chem. Soc. 2016, 138, 10207—10213


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04981/suppl_file/ja6b04981_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04981/suppl_file/ja6b04981_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04981

Journal of the American Chemical Society

| Article |

which are comparable to those observed for II—VI materials
such as CdTe.””® CuFeS, QDs further exhibit absorption cross
sections of 5.3 X 107"7a®> cm® at 400 nm. Here a is the particle
radius in nanometers. This corresponds to a molar extinction
coefficient of 1.39 X 10*a®> M™' cm™ at the same wavelength.
For comparison, copper indium sulfide QDs exhibit a cross
section of 1.8 X 107'°4> at the same wavelength.*’

B CONCLUSIONS

In conclusion, we demonstrate the synthesis of CuFeS, QDs
and their core/shell structures. CuFeS, based core/shell
architectures are seen to exhibit very high PL QYs that can
exceed 80% in some cases. Additionally, CuFeS, based QDs
that are emissive over the visible region have extremely small
sizes. These QDs exhibit long, band gap dependent excitonic
lifetimes that increase by almost an order of magnitude as the
band gap of the QDs is increased. These materials also exhibit a
strong Stokes shift that can be as large as 0.3 eV for smaller
QDs. Finally, these materials are extremely stable under
ambient conditions (Figures SS and S6 of the Supporting
Information). This suggests applications of these materials as
phosphors and luminescent concentrators. We interpret their
emissive properties in terms of a valence band defect located 30
meV below the bulk valence band edge. The overall emission
characteristics of this material bear strong similarities to those
of copper indium sulfide, suggesting a common origin to the
emission mechanism of both materials.

CuFeS, QDs are shown to exhibit a tunable band gap energy
that may be varied over the entire near-infrared region as well
as the red edge of the visible spectrum. The large cross sections
per unit volume of these materials suggest uses in a host of
optical and optoelectronic applications. CuFeS, QDs are to
date the only size tunable infrared band gap QD that contains
only lighter (atomic number 30 or less) elements.
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