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Investigation of the size–property relationship in
CuInS2 quantum dots†
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and W. Peukert*a

In this work we investigated fundamental properties of CuInS2 quantum dots in dependence of the par-

ticle size distribution (PSD). Size-selective precipitation (SSP) with acetone as poor solvent was performed

as an adequate post-processing step. Our results provide deep insight into the correlation between par-

ticle size and various optical characteristics as bandgap energy, absorption and emission features and the

broadness of the emission signal. These structure–property relationships are only achieved due to the

unique combination of different analytical techniques. Our study reveals that the removal of 10 wt% of

smallest particles from the feed results in an enhancement of the emission signal. This improvement is

ascribed to a decreased quenching of the emission in larger particles. Our results reveal the impact of

PSDs on the properties and the performance of an ensemble of multicomponent QDs and anticipate the

high potential of controlling PSDs by well-developed post-processing.

1. Introduction

The study of nanometer sized crystals is an interesting and
ongoing research field for more than thirty years. Considerable
progress has been made in the synthesis and understanding of
metals1–6 and semiconductor nanocrystals.5,7–9 The latter, and
amongst them especially CdS(e), CdTe and PbS(e), have often
served as technically relevant model systems to understand
property changes due to quantum confinement. However, for
real life applications less toxic semiconductors have to be
investigated as alternatives to Cd- and Pb-based binary nano-
crystals.10 With its direct bandgap of 1.53 eV11 and a high
absorption coefficient (104–105),12,13 CuInS2 is an ideal candi-
date for solar cell applications.

For optimum device performance, it is necessary to accu-
rately adjust the mean size and also the PSD of the
particles.14–16 Control of synthesis parameters is a key factor to
obtain desired properties. However, as nucleation, growth and
ripening superimpose with each other, limitations are
observed. Therefore, post-processing steps are necessary to

narrow the PSD. Possible techniques for size fractionation are
gel electrophoresis,17,18 exclusion chromatography,19 reversed
micelle preparation,20 size-selective precipitation (SSP)21–23 or
flow-field fractionation (FFF).24–26 Detailed summaries of tech-
niques used for separation of nanoparticles by their size and/
or shape are provided in reviews by Kowalczyk27 and Mori.28

For CuInS2 nanocrystals, a broad absorbance spectrum
without a well pronounced peak but with a long tail to lower
energies was observed by several groups.29–31 In both absor-
bance and emission spectra, two or even three peaks have
been identified: while the positions of these peaks were not
changing significantly, their intensity and ratio were often
dependent on synthesis time and storage atmosphere.29 These
observations could be the result of several factors, namely, a
wide size distribution, electron density leakage from the core
of the crystals into the ligand layer and/or intra-bandgap
states.29 However, a final conclusion on the habit of CuInS2
nanocrystals is still missing.

In the present paper, a detailed study of the PSD of CuInS2
quantum dots (QDs) and its influence on the optical character-
istics is presented. Thereby, we attempt to distinguish between
properties that are inherently related to the dispersity of
CuInS2 below 6 nm and those associated with unwanted vari-
ations in sample quality, e.g. irregular distributions in compo-
sition. SSP which was chosen due to its scalability and its
potential applicability within a continuous process was per-
formed to classify the nanocrystals into three different frac-
tions, namely coarse, fines and residuals fraction. Prior to
classification, a detailed characterization of the feed material
was carried out by transmission electron microscopy (TEM),
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analytical ultracentrifugation (AUC) and optical spectroscopy.
Absorbance spectra were converted into PSDs by a previously
described deconvolution technique that has been successfully
applied to ZnO,32 PbS(e)33 and ZnS34 QDs. The crystal structure
and composition of the feed as well as the isolated fractions
after classification were investigated by X-ray diffraction (XRD),
thermogravimetric analysis (TGA) and inductively-coupled
plasma optical emission spectroscopy (ICP-OES). Our results
reveal that the observed optical properties of a CuInS2 QD
batch can be attributed to the different size fractions of the
PSD after synthesis and are not caused by unwanted particles
with wrong composition.

2. Experimental
2.1. Chemicals

All chemicals were used as received and without further purifi-
cation. Copper(I) acetate (CuAc, 97%), indium(III) acetate (In
(Ac)3, 99.999%), 1-octadecene (1-ODE, 95%) and 1-dodeca-
nethiol (1-DDT, ≥98%) were obtained from Aldrich. CuAc and
InAc3 were stored in a nitrogen-filled glovebox to prevent
degradation. Toluene (99.5%) was obtained from Acros.
Acetone (≥99.8%) and chloroform (CHCl3, ≥99%) were
obtained from Roth, Rhodamin 6G (Rho6G, 95%) was pur-
chased from Sigma Aldrich.

2.2. Synthesis of CuInS2 nanocrystals

Synthesis was carried out using a Schlenk line. A 50 ml round
three-necked bottom flask was placed in a heating mantle.
One neck was connected to a condenser and the other sealed
by a septum. A thermocouple was used to provide accurate
temperature control. 1-ODE was degassed minimum
30 minutes prior to synthesis. CuAc (81 mg, 0.66 mmol),
InAc3 (193 mg, 0.66 mmol), 1-DDT (1.5 ml, 6.3 mmol) and 1-
ODE (14 ml) were added into the flask, degassed by pulling
vacuum for 10 minutes, followed by N2 bubbling for one
minute. This procedure was repeated three times. Afterwards,
the mixture was heated to 240 °C. The reaction was carried out
for one hour and then the reaction vessel was quickly cooled
down to room temperature by using a water bath.

2.3. Purification of CuInS2 nanocrystals

Purification of the nanocrystals was conducted by first adding
one equivalent CHCl3 to the reaction solution, followed by the
addition of one equivalent of acetic acid and three equivalents
of acetone as antisolvent to flocculate the nanocrystals.35 Cen-
trifugation was carried out for 10 minutes at 8240g. The super-
natant was discarded and the obtained precipitate was
redispersed in CHCl3. This cycle was repeated five times in
total. The final product was dried at room temperature and
can be redispersed in any lipophilic solvent, such as toluene,
hexanes or chloroform.

2.4. Size-selective precipitation experiments for size focusing

Purified and dried CuInS2 QDs (reddish waxy powder, feed)
were redispersed in 4 ml toluene. One equivalent of acetone
was added to flocculate the nanocrystals, followed by ultrasoni-
cation for 5 minutes and centrifugation at 8240g for
10 minutes. The flocculates were separated from the super-
natant and dried at ambient atmosphere overnight. One
further equivalent (total of two equivalents, 8 ml) of anti-
solvent was added to the supernatant and the centrifugation
step was repeated. After eight cycles of separation (32 ml of
acetone added in total), the solvent of the still slightly colored
supernatant was evaporated and the dried sample was weighed
and kept for further analysis. The samples after each centrifu-
gation step were categorized into a coarse fraction c (centrifu-
gation steps 1–4) and a fines fraction f (centrifugation steps
5–8), dependent on their absorption behavior. The particles
that could not be separated by centrifugation were categorized
as residuals fraction r. An overview of the masses of the feeds
and all fractions together with mean values and standard devi-
ations for the three single exemplary experiments are given in
Table S1 in the ESI.† Calculation of the relative masses of
these fractions was performed according to following eqn (1)–
(3). They relate the isolated mass of the coarse mc (fraction #1),
the fines mf (fraction #2) and the residuals fraction mr (frac-
tion #3) to the mass of the feed mtot:

c ¼ mc

mtot
ð1Þ

f ¼ mf

mtot
ð2Þ

r ¼ mr

mtot
ð3Þ

2.5. Materials characterization

All nanocrystals were characterized using a range of analytical
techniques introduced below. The reproducibility of the experi-
ments was checked by performing the same experiments from
various batches. A high purity and cleanliness is necessary for
successful SSP. Mean values and standard deviations were
obtained from at least three experiments for the feed and frac-
tion #1 and two experiments for fractions #2 and #3. This is
inherent to the experiments due to less material available for
fractions #2 and #3 while a high amount of material is needed
to conduct all characterizations.

2.5.1. Transmission electron microscopy (TEM). High-
resolution (HR) TEM was performed with an image-side aber-
ration corrected FEI Titan3 80-300 TEM operated at 200 kV. All
HRTEM micrographs were obtained at a reduced spherical
aberration (Cs < 10 micrometers) and minimum contrast of
the support film. The electron beam irradiation of the imaged
area was minimized to avoid ripening of the nanoparticles. To
prevent agglomeration, the nanoparticle dispersions in chloro-
form solution were put in an ultrasonic bath for 2 minutes
and were then drop casted onto TEM sample grids with ultra-
thin carbon films supported by a lacey carbon film (Ted Pella
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Inc. USA). Selected area electron diffraction (SAED) was per-
formed using a Philips CM30 TEM operated at 300 kV and a
FEI Titan3 80-300 TEM operated at 200 kV. The particle sizes
were determined by applying the Scherrer equation (as
explained below) to rotationally averaged SAED ring patterns.
The wavelengths of electrons with energies of 200 keV (λ = 2.51
pm) and 300 keV (λ = 1.97 pm) were used.

2.5.2. X-Ray diffraction (XRD). XRD analyses in Bragg-
Brentano geometry were performed with a Bruker AXS Advance
D8 (Karlsruhe, Germany) instrument using Cu Kα radiation
(λKα = 1.54 Å) at an acceleration voltage of 30 kV and 40 kV.
The XRD patterns were measured in the 2θ range between 10°
and 80° with a step size of 0.02°. The diffractometer was
equipped with a 1-dimensional Vantec-1 high-speed detector
and a rotating sample stage. Low background sample cups
with a vicinal (911) Si crystal of 25 mm diameter were pur-
chased from Bruker AXS and used as substrates for the XRD
scans. All samples were prepared by drop-casting the dis-
persion onto the substrate followed by evaporation of the
solvent. The coherence lengths Lhkl along the different crystal
directions were calculated from the full width at half
maximum (FWHM) of the diffraction peaks by using the Scher-
rer equation and assuming Gaussian shaped peaks:

T ¼ Kλ
β cos θ

ð4Þ

where T is the mean crystallite size, K is a dimensionless
shape factor (here: 0.9), λ is the wavelength of the X-ray (λKα =
1.54 Å), β is the line broadening at FWHM and θ is the Bragg
angle.

2.5.3. Thermogravimetry (TG). TG analyses were per-
formed on a TGA Q50 from TA Instruments. Masses of around
15 mg dried powder samples were heated up to 500 °C in a
platinum pan under a constant nitrogen flow of 40 ml min−1,
with a heating rate of 10 K min−1. TA Instrument Analysis Soft-
ware was used to analyse and export the data.

2.5.4. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES). Dried powder samples were digested
using aqua regia (4 ml) and diluted with millipore water. Ana-
lyses were performed with an ICP-OES Spectrometer
Optima8300 from Perkin Elmer.

2.5.5. Analytical ultracentrifugation (AUC). A modified
preparative centrifuge, type Optima L-90 K from Beckman
Coulter, was used to perform sedimentation velocity experi-
ments. Detailed information regarding the applied Ocean-
Optics UV/Vis detector (USB2000+) as well as the data
acquisition can be found in the literature.36,37 Two-sector tita-
nium centerpieces from Nanolytics, Germany, with a path
length of 12 mm were used for all experiments. Samples were
diluted up to equal absorbance of ∼0.7 at 350 nm in the AUC
cell. The solvent density was 0.8622 g cm−3 and the solvent vis-
cosity was 0.553 mPas. The core density of bulk CuInS2

38 was
4.739 g cm−3. Sedimentation velocity data were acquired every
two minutes at 25 000 rpm, 25 °C and a radial resolution of
50 µm. Multiwavelength intensity data were recorded from 300

to 600 nm. The sedimentation coefficients s and diffusion
coefficients D of the QDs become accessible through Lamm’s
equation and are linked to the particle diameter and density
through Stokes’ and Einstein’s laws. Further information
regarding the theoretical background of AUC is provided in
the ESI.†

For our studies, intensity data at 360 nm was converted to
absorbance data and was evaluated with Sedfit (Version 14.6e)
using the c(s,D) and c(s) models.39–41 For the c(s,D) analysis,
data were fitted with a second derivative regularization using
confidence levels (F-ratios) of 0.683 for s and 0.9 for D. A
resolution of 30 grid points in s and 30 grid points in D result-
ing in 900 grid points in total was used. For the c(s) analysis,
data were fitted with a second derivative regularization using a
confidence level (F-ratios) of 0.9 and a resolution of 100 grid
points. The best-fit partial specific volumes obtained by the
c(s,D) analysis were taken for the c(s) analysis. Time-indepen-
dent and radial invariant noise fitting was enabled for all
evaluations. The parameters obtained by the core–shell model
were taken to derive the core PSDs from the c(s) distributions
which were then used for the bandgap correlation.

2.5.6. Optical characterization. Absorbance spectra were
recorded using a Perkin Elmer Lambda35 spectrometer.
Quartz glass cuvettes with an optical path length of 10 mm
were used for all measurements. For all absorption measure-
ments, the powders were redispersed in toluene and their
optical density was set to 0.1 at a wavelength of 480 nm. Emis-
sion spectra were collected on a Fluorolog Horiba Jobin Yvon.
The sample in toluene was excited at λexc = 480 nm and emis-
sion spectra were recorded from 500 nm to 850 nm.

PSDs were determined from absorbance spectra according
to Segets et al.32–34 In its current form, the method is based on
a linear superposition of the different particle size fractions,
an assumption which has been already reported by various
groups42–45 in the literature. For the CuInS2 nanoparticles of
this study we used a bulk bandgap of 1.53 eV11 and a bulk
absorption according to Alonso et al.46

The bandgap vs. particle size relationship ΔE(x) was derived
by an internal calibration of the absorbance results against
AUC data. In brief, ΔE(x) was varied until a best match between
PSDs from absorbance (PSDalg) and target PSDs from AUC
(PSDAUC) was obtained. A similar procedure was already pro-
posed by Mićić et al.45 on InP QDs and more recently applied
by Segets et al.33 on PbS(e) QDs. Noteworthy, the latter led to
an excellent agreement with literature data on ΔE(x) showing
the high potential of this approach. Analogue to that previous
study on PbS(e), a power law with three empiric parameters
a [nm], b [–] and c [nm] was used to describe the correlation
between particle size and bandgap energy according to eqn (5):

xðΔEÞ ¼ a
ΔE � Eg;bulk

eV

� �b

þc ð5Þ

with x being the particle size, ΔE the increase in bandgap
energy due to quantum confinement and Eg,bulk being the
bulk bandgap (1.53 eV).11 Within the deconvolution algorithm,
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parameters a, b and c were varied until a best match of PSDsalg

with the PSDsAUC of fraction #1 and #2 was obtained. As found
in previous work, only two fractions are necessary to cover a
larger particle size range. This leads to values of a, b and c and
results in a function for ΔE(x) that is valid over a wide size
region. Due to the fact that the shape of the distributions
derived from AUC and absorbance data is substantially
different (reasons will be discussed later), special emphasis
during the matching procedure was given to the consistent
size range of PSDsalg in comparison to PSDsAUC. After having
determined the empiric parameters to be a = 2.0301 nm, b =
−0.649 and c = 0 nm, eqn (5) can be rearranged as follows in
order to plot the bandgap vs. size dependency.

ΔE ¼ Eg;bulk þ x� c
a

� �1
b eV ð6Þ

3. Results and discussion
3.1. Characterization of as-synthesized particles

CuInS2 QDs were synthesized similar to an established one-pot
procedure which utilizes 1-DDT as sulfur source and stabi-
lizer.47 In accordance with the literature, broad absorbance
and emission spectra that are composed of several
features were observed. In previous works,29–31 it was stated
that a SSP led to none or just slight differences in the
spectra of the isolated individual fractions. However, the
resulting spectra and separated fractions were neither analyzed
in terms of their PSDs nor in terms of their emission
properties.

A first qualitative examination of the size range possibly
present in an as-synthesized sample was performed using
HRTEM and SAED investigations. Fig. 1a shows an overview
HRTEM image of the CuInS2 nanocrystals that had been
dispersed onto a thin carbon film (amorphous contrast).
The QDs are crystalline particles in a size range roughly
between 1 and 4 nm. Bigger and smaller particles are usually
found adjacent to each other. However, regions consisting pri-
marily of only smaller particles or of only bigger particles were
also occasionally observed. Fig. 1b shows a SAED ring pattern
of a region with smaller particles which can as well be seen in
the HRTEM images. The diffraction rings are rather broad due
to the small crystallite size, the {112}CuInS2 ring is even hard to
identify. An analysis of the {204}CuInS2/{220}CuInS2 rings using
the Scherrer equation results in a mean crystal size of about
1.4 nm. This value is in agreement with respective HRTEM
images. Fig. 1c shows SAED and HRTEM measurements from
a region with bigger particles. The SAED measurements
confirm the expected tetragonal CuInS2 crystal structure (see
Fig. 1c). The rings are narrower and the analysis of the
{112}CuInS2 ring using the Scherrer equation results in a mean
crystal size of 3.0 nm which is as well in accordance with the
corresponding HRTEM image. A determination of the exact
PSD via HRTEM is challenging due to various reasons, e.g.
carbon contaminations, ripening of the nanocrystals, and

underdetermination of nanocrystals smaller than 1.5 nm.34,46

Especially in the case of multicomponent nanocrystals as
CuInS2, the low contrast between the imaged nanocrystals and
the amorphous background is severely hindering an accurate
evaluation.

Summarizing, the HRTEM and SAED results show solely
CuInS2 QDs with a tetragonal crystal structure and diameters
ranging approximately from 1.4 nm to 3 nm. Considering the
existence of a PSD in the sample, SSP was attempted with the
goal to examine size–property relationships of CuInS2 QDs.
Before focusing on the optical properties, the structure and com-
position of each fraction was analyzed. This was necessary to
make sure that no detectable side-products or unwanted particles
with wrong composition cause a misinterpretation of the results.

3.2. Classification of CuInS2 quantum dots

SSP is performed by stepwise addition of an antisolvent to a
dispersion of nanocrystals in a good solvent inducing floccula-
tion. The formed flocculates are then easily separated from the
supernatant by centrifugation.21,23 Usually, larger particles
flocculate first, leading to a classification effect. By a stepwise
increase of the amount of antisolvent and by repeating the
aforementioned steps, the different size fractions can be
extracted from the mixture. In Scheme S1 in the ESI† the SSP
procedure applied herein is illustrated. Hydrophobic toluene
was used as good solvent in which the nanocrystals are well-
dispersed, whereas hydrophilic acetone was chosen as poor
solvent to induce flocculation of the particles. By stepwise
increasing the added amount of acetone, it was attempted to
isolate largest particles which most probably lead to the

Fig. 1 (a) HRTEM overview image of CuInS2 QDs on a carbon sup-
ported film, (b) SAED pattern and HRTEM images from a region with
smaller particles, (c) SAED pattern and HRTEM images from a region
with larger particles – the theoretically expected position (red ring frag-
ments) and intensity distribution (yellow graph) of the SAED ring pattern
of CuInS2 nanocrystals are indicated. The four predominant ring intensi-
ties belong to the {112} (1), {204}/{220} (2), {116}/{312} (3) and {228}/
{424} (4) lattice planes of tetragonal CuInS2 [ICSD no. 186714].
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absorption feature at longer wavelengths. However, the
addition of up to five equivalents of acetone was necessary to
recognize a valuable change in the absorption spectrum (the
spectra are shown in Fig. 2, discussion and analysis of the
spectra will follow in section 3.5). Therefore, all nanocrystals
separated by adding up to four equivalents of acetone were com-
bined after flocculation, redispersion and analysis and are
belonging to coarse fraction #1. Further addition of up to eight
equivalents of acetone led to fines fraction #2. The supernatant
after removal of these two fractions was still slightly colored,
indicating the existence of dispersed primary nanoparticles. In
order to access these residual nanocrystals, the supernatant was
kept and the solvent was evaporated at room temperature. This
led to the residuals fraction #3. Note that the amount of added
antisolvent necessary to recognize changes in the spectra might
vary depending on the particle sizes in the feed and, thus,
depending on the overall PSD. The relative masses c, f and r for
the coarse (#1), the fines (#2) and the residuals (#3) fractions,
respectively, were determined from the masses of the dried
powders according to eqn (1) to (3) (see Experimental part).
Thereby, c was calculated to be 0.90 (±0.013), f was determined
to be 0.04 (±0.018) and r was found to be 0.02 (±0.007). A small

mass fraction of 0.04 (±0.023) is missing (Table S1, ESI†) which
is mainly ascribed to losses at walls of centrifugation tubes, e.g.
during decantation after each cycle. A more detailed discussion
of the mass balance will follow in section 3.5.

3.3. Structure and composition of CuInS2 QDs and their
ligand shell after SSP

To verify the crystal structure and the composition of the three
single fractions (coarse #1, fines #2, residuals #3), XRD and
ICP-OES were performed. In Fig. S1a† the diffraction patterns
are shown, Table 1 summarizes the mean particle sizes calcu-
lated by using the Scherrer formula. For the feed, coarse frac-
tion #1 and fines fraction #2, the same three diffraction
patterns were present. They can be assigned to the main dif-
fractions (112), (204) and (312) of the tetragonal roquesite
structure.48 The mean particle sizes are 2.9 nm for the feed,
2.8 nm for the coarse and 2.4 nm for the fines fraction. No
further diffractions or irregularities were observed in the feed,
coarse fraction #1 or fines fraction #2. All spectra confirm the
existence of a product with tetragonal crystal structure for all
fractions. This is in accordance with HRTEM and SAED results
shown in Fig. 1 where no additional phases throughout the
entire feed were detected. In contrast to that, the residuals
fraction #3 is showing irregularities. The diffraction pattern in
this case is very diffuse with two very broad signals that are not
interpretable. To analyze this behavior of residuals fraction #3
further, TG analyses were performed.

In Fig. S1b,† TGA results are shown and the relative mass
losses are summarized in Table 1. The feed sample shows a
decrease of 45.5 wt% at around 300 °C. At this temperature
long-chained organic ligands are evaporated. A similar curve is
obtained for the coarse fraction #1 with a total mass loss of
45.6 wt%. For fines fraction #2, a different behavior was
observed. While a slightly enhanced main mass loss was still
observed at 300 °C (46.8 wt%), an additional mass removal of
∼8 wt% was detected at moderate temperatures between
150 °C and 250 °C. The detection of a slightly increased mass
loss at 300 °C is not astonishing as we expect the ligand cover-
age not to change much with varying core size.49 Due to the
higher surface-to-volume ratio of smaller particles in fraction
#2, the sample provides more surface area and thus must show
a higher relative amount of organics compared to the feed and
coarse fraction #1. The evaporation of compounds at relatively

Fig. 2 Absorption spectra of the feed (black line), coarse fraction #1
(red dashed line), fines fraction #2 (green dotted line) and residuals frac-
tion #3 (cyan blue dashed-dotted line). The two features Abs 1 and
Abs 2 that are relevant in the following are highlighted by black arrows.

Table 1 Summary of the data derived from structural and compositional analysis of the feed sample, the coarse fraction #1, the fines fraction #2
and the residuals fraction #3. The TGA values for feed and fraction #1 were obtained from at least three separate experiments, those for fraction #2
and #3 were obtained from two separate experiments

Sample

Atomic composition (ICP-OES)
Mean crystallite
size (XRD) [nm]

Relative weight loss
(TGA) [wt%]Cu [at %] In [at %] S [at %]

Feed 1.0 1.2 ± 0.02 1.9 ± 0.07 2.8 ± 0.1 45.5 ± 0.3
Fraction #1 1.0 1.1 ± 0.02 2.1 ± 0.12 2.8 ± 0.1 45.6 ± 0.3
Fraction #2 1.0 1.1 ± 0.01 1.9 ± 0.10 2.4 ± 0.1 53.3 ± 1.3
Fraction #3 1.0 1.2 ± 0.06 2.3 ± 0.56 — 82.4 ± 6.8
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low temperatures, however, hints on the existence of
additional loosely-bound molecules that cannot be unambigu-
ously explained for the time being. Most probably, these could
be excess ligands or (anti)solvents such as toluene or acetone.
Furthermore, residuals fraction #3 was analysed. The TGA
curve with a total mass loss of 87.3 wt% shows that this frac-
tion mainly consists of organic components. This result
explains the observations for fraction #3 in XRD, where no dis-
tinct diffraction pattern was obtained.

Additional to XRD and TGA, ICP-OES was performed to
check the composition of the particles within the isolated frac-
tions after dissolution of the solid by aqua regia. The results
are summarized in Table 1. The compositions in the single
fractions are almost identical with Cu : In ratios of 1 : 1.1
(slight indium excess) and Cu : S of 1 : 2. Therefore, they prove
the existence of stoichiometric CuInS2 QDs over the entire size
range. Concerning the mean Cu : S ratios, the highest sulfur
amount was detected for fraction #3. Removal of sulfur con-
taining organic molecules from the QDs in the single centrifu-
gation steps results in an enrichment of these molecules in
the supernatant. After evaporation of the supernatant these
molecules are left in the sample (fraction #3).

Concluding, the results from XRD, TGA and ICP-OES
together with the observations from HRTEM and SAED reveal
that the particle cores of feed, #1 and #2 are homogeneous in
composition and crystal structure over the entire size range
within the detection limits of the devices. Regarding the
residuals fraction #3, our results from ICP-OES and TGA
together with HRTEM suggest CuInS2 cores as well which are
covered by a very high amount of organic molecules.

3.4. Investigation of the fractions via analytical
ultracentrifugation

The ability of AUC to precisely characterize QDs via sedimen-
tation velocity experiments was shown numerous times in lit-
erature.37,49,50 Hence, AUC measurements were carried out to
investigate the hydrodynamic properties of the different frac-
tions obtained by SSP which are accessible via the sedimen-
tation coefficient distributions. The sedimentation coefficient
provides the sedimentation velocity of a particle divided by the
centrifugal acceleration in the AUC. It can be converted to the
particles size according to Stokes’ equation (eqn (S3) in ESI†).
However, for small particles the hydrodynamic properties will
strongly depend not only on the core size but also on the shell
morphology, e.g., shell thickness and shell density. Therefore,

it is not possible to calculate the particle size without knowing
the particle density. A possibility to determine the particle size
and density in just one AUC experiment is the multidimen-
sional approach of simultaneously fitting the sedimentation
and diffusion coefficients.51,52 For this, the frictional ratio
which is the hydrodynamic diameter divided by the volume
equivalent diameter has to be equal 1. For the CuInS2 QDs
investigated in this study this is a fair assumption since they
are spherical in good approximation as shown by the TEM
data of Fig. 1. Herein, we performed a 2-dimensional analysis
on all samples using the c(s,D) analysis, which provided us
with the sedimentation and diffusion coefficient distributions
for all species (see Fig. S2 in ESI†).

Noteworthy, the reproducibility of the synthesis and sub-
sequent AUC analytics was found to be excellent with only a
few percent deviation between both measurement series. For
all species we calculated the mean particle size and the par-
ticle density based on the peak positions in the 2-dimensional
evaluation (Table 2). It becomes clear that the distributions of
the feed and fraction #1 are very similar with a mean peak
maximum of 11.35 sved for the feed and 10.78 sved for fraction
#1. In contrast, fraction #2 reveals a second main species at
6.96 sved, which was not observable in the feed before. This
can be explained by the strong enrichment of this smaller
species in fraction #2 during SSP. For fraction #3, a much
faster sedimenting species is found. The large sedimentation
and low diffusion coefficient indicate that this species
resembles aggregates of smaller primary particles linked by
organic molecules. A higher deviation was also found for this
fraction due to the random structure of the agglomerates.

Mean hydrodynamic diameters xh of 4.38 nm, 4.44 nm and
3.75 nm are found for the feed, fraction #1 and fraction #2,
respectively. A much larger hydrodynamic diameter of
13.65 nm is found for fraction #3 due to its aggregated struc-
ture. The mean particle density of the feed was derived to be
1.453 g cm−3 via the 2-dimensional evaluation. The density
further decreases for fractions #1 (1.407 g cm−3) and fraction
#2 (1.355 g cm−3) due to the increasing relative contribution of
the less dense shell to the total particle density.

In the next step, we calculated the core diameters xc and
ligand shell thicknesses dshell for the feed and fractions #1 and
#2 based on a mass conservation approach presented by
Carney et al.51 The results in Table 2 show that dshell was found
to be about 1 nm for feed and coarse fraction #1 whereas a
slightly smaller value of 0.92 nm was obtained for fraction #2.

Table 2 Summary of the data derived from the 2-dimensional AUC analysis of the feed sample, the coarse fraction #1, the fines fraction #2 as well
as the residuals fraction #3. Values were taken using the peak maxima of the main fractions. A second independent synthesis and AUC measurement
was carried out to calculate mean parameters and standard deviations

Sample s [sved] D [10−6 cm2 s−1] xh [nm] ρparticle [g cm−3] xc [nm] dshell [nm]

Feed 11.35 ± 0.66 1.81 ± 0.10 4.38 ± 0.23 1.453 ± 0.029 2.35 ± 0.09 1.01 ± 0.07
Fraction #1 10.78 ± 0.07 1.78 ± 0.02 4.44 ± 0.04 1.407 ± 0.006 2.33 ± 0.01 1.05 ± 0.01
Fraction #2 6.96 ± 0.06 2.11 ± 0.01 3.75 ± 0.01 1.355 ± 0.002 1.90 ± 0.01 0.92 ± 0.00
Fraction #3 64.50 ± 16.23 0.58 ± 0.02 13.65 ± 0.50 1.211 ± 0.112 — —
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This can be explained by removal of a small amount of stabi-
lizer during SSP. Slight variations of xh, dshell and xc for the
feed and fraction #1 can be explained by larger structures (e.g.
aggregates), which were still present in the feed but removed
during the first steps of SSP. This is also supported by the
higher standard deviation for the data of the feed. Comparing
these values to literature data which predict a slightly higher
value of 1.5 nm for 1-DDT bound on a gold surface – derived
for an estimated molecule length of 1.7 nm46,53 bound to the
surface by an angle of 30°54 – 1 nm seems to be quite reason-
able as surface binding distances and interactions between
molecule chains on QDs will certainly differ from those values
obtained for bulk crystals. When calculating xc from xh and
dshell, values exceeding from 1.90 nm (fraction #2) to 2.35 nm
(feed) are obtained.

Moreover, we compared our results obtained by AUC to the
data found by TGA as an independent validation. Taking the
data from the 2-dimensional evaluation and assuming the
density of the shell to be in the range of the solvent density
(density of 1-DDT is 0.845 g cm−3), a mass fraction of the shell
of 51.4 wt% is obtained for coarse fraction #1. In comparison,
the TGA measurement gave a mass fraction of the shell of
45.6 wt% (Table 1), which is in good agreement to the data
from the AUC measurements. A slightly lower value of the
mass fraction resulting from TGA is reasonable because some
of the solvent molecules attached to the stabilizing layer get
easily lost when drying the powder before performing the TGA
experiments. The results for fines fraction #2, which were
found to be 54.2 wt% for AUC and 53.3 wt% for TGA, respect-
ively, match very well. The very low density of fraction #3
(1.211 g cm−3) indicates that a thick shell of stabilizer mole-
cules must be bound to the QDs, which is also confirmed by
the TGA measurements. Hence, these results demonstrate the
excellent consistency of these fundamentally different tech-
niques, namely AUC, TEM and TGA.

To further assess the sedimentation coefficient distri-
butions of the different fractions with higher resolution, we
carried out c(s) analyses. The results of the c(s) analyses are
presented in Fig. 3. As expected from the c(s,D) analyses, the
distributions of the feed and fraction #1 are very similar. A
slight difference is observed at the lower end of the sedimen-
tation coefficient distribution (highlighted by arrow #1), since
smallest species which were present in the feed material are
no more present in fraction #1. Moreover, a small amount of
faster sedimenting species is found in the feed but not in frac-
tion #1 anymore (highlighted by arrow #2). As discussed
beforehand, we attribute this to loose agglomerates, which
might be formed due to the higher concentration of stabilizer
in the feed and which are lost or destroyed during SSP. As
shown via c(s,D), species with a much smaller sedimentation
coefficient and hence smaller particle sizes are found in frac-
tion #2. A slight shoulder resembling medium sized particles
similar to the feed is further observed. This explains the
second species in c(s,D) analysis (Fig. S2c†).

Based on the minimum and maximum sedimentation
coefficients found for the feed, the lower and upper limit of

the core diameter distribution as obtained by AUC can be
determined, which is 1.5 nm and 3.8 nm, respectively. This
fits the results from TEM and SAED analysis, which found QDs
with core diameters between ∼1.4 nm and ∼3.0 nm. We expect
that larger QDs are found by AUC due to its superior statistics.
A detection of larger structures by TEM is impeded due to
their comparably low concentration (see Fig. 5 and tailing of
the distribution at the upper end).

Concluding, by means of the AUC analysis we could resolve
the core–shell structure of the CuInS2 QDs after the SSP
process directly in solution. The mean core diameters of the
feed, fraction #1 and fraction #2 were found to be 2.35 nm,
2.33 nm and 1.9 nm, respectively. A shell thickness of about
1 nm was further derived by the 2-dimensional analysis. The
range of core diameters found by AUC (1.5 nm < xc < 3.8 nm)
is in good agreement with the results obtained by TEM and
SAED for a finite number of NPs (mean values: 1.4 nm and
3.0 nm) and XRD (mean values: 2.4 nm and 2.9 nm). Congru-
ence of the values obtained with different methods is not
expected and not possible due to various reasons. While AUC
gives information on hydrodynamic diameters and particle
densities for all particles in the sample which then can be con-
verted into core sizes based on a mass conservation approach,
HRTEM is capable to give information about single particles.
SAED and XRD in contrast give mean values for a certain
amount of particles. Nevertheless, the size range between
1.5 nm and 3.8 nm is relatively narrow. Even more important
with respect to SSP, our AUC analysis reveals that SSP of the
CuInS2 QDs results in an enrichment of larger species in frac-
tion #1 and an enrichment of smaller species in fraction #2.
The information on the QD shells in the single fractions,
which was derived by the particle densities obtained by the
2-dimensional analysis are in excellent agreement to the TGA

Fig. 3 Sedimentation coefficient distributions of the feed (black line),
coarse fraction #1 (red dashed line) and fines fractions #2 (green dotted
line) as obtained by c(s) analysis at 360 nm. Herein, it is assumed that
the mass-related extinction coefficient is independent of the particle
size at the wavelength used for evaluation. This results in a volume
weighted distribution.
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results, i.e., showing an increased relative organic surrounding
of smaller QDs. The residuals fraction #3 investigated by
means of AUC revealed much larger species with small
density, which must be assigned to agglomerates containing a
lot of stabilizer, again confirming the TGA results.

3.5. Optical properties of CuInS2 QDs after SSP

Having confirmed the existence of CuInS2 QDs with tetragonal
crystal structure and sizes ranging from 1.5 to 3.8 nm in the
feed sample, optical characteristics shall be analyzed in the
following. First, a bandgap vs. size dependency shall be estab-
lished by calibration of PSD calculation results against AUC
data. This allows the derivation of consistent PSDs by deconvo-
lution of absorbance spectra, then followed by analysis of the
emission of the single fractions.

3.5.1. Bandgap vs. size relationship. In order to confirm
the core–shell model applied to evaluate the AUC core data
and, thus, to further validate our results, we used the core dis-
tributions of fractions #1 and #2 to determine the bandgap vs.
size dependency of CuInS2. Analogue to previous studies,33 a
power law with three parameters (a = 2.0301 nm, b = −0.649
and c = 0 nm) was used to describe the correlation between
particle size and bandgap energy according to eqn (5) (see
Experimental section for details).

Fig. 4 shows the comparison of ΔE(x) obtained by us with
experimental data using absorption and 2-dimensional photo-
luminescence excitation (PLE) spectra according to Zhong
et al.55 as well as an EMA reported by Omata et al.56 To the
best of our knowledge, this is the only data available on the
bandgap vs. size relationship of CuInS2 QDs. We assign this
limitation in data availability – at least in comparison to Pb- or
Cd-based QD systems – to the aforementioned issues with
proper size determination by HRTEM and the novelty of
CuInS2 QDs.

First, we compare the experimentally derived ΔE(x) curves
from absorption, PLE and AUC (the data derived from cali-
bration vs. AUC is additionally given in Table S3, ESI†).
Notably, the literature studies were performed on particles
with sizes between 3 nm and 8 nm, thus, particles with sizes
mainly larger than 4 nm, whereas the QDs discussed herein
are situated well below 4 nm. The highest accuracy of eqn (5)
within our study is expected for the investigated size range
below 4 nm. Nevertheless, the extrapolated values for sizes
above 4 nm match well with the experimental findings.
Further comparing our ΔE(x) with the EMA results, a good
coincidence for larger particles is observed whereas eqn (6)
leads to smaller bandgap energies for sizes below ∼6 nm. Such
a shift is expected as EMA usually overestimates the bandgap
of small particles with strong quantum confinement. However,
in comparison to other QD materials like ZnO57 or CdS,58 the
deviation is relatively small.

Putting all this together, it becomes clear that our AUC-UV
derived ΔE(x) matches the experimental reference data and is
in line with our expectations regarding the comparison with
EMA calculations.57,58 This confirms once more the assump-
tions with respect to the shell during AUC evaluation. At this
point, it needs to be mentioned that a future availability of
larger particles, improved AUC analysis or a better understand-
ing of the influence of the organic shell on the behaviour of
CuInS2 might lead to an improved bandgap vs. size correlation.
However, as this work focuses on very small QDs with sizes
between 1 and 4 nm, for the time being eqn (5) with para-
meters a–c, together with a bulk bandgap of 1.53 eV is the best
description available. Thus, it will be used throughout all
further calculations of PSDsalg.

3.5.2. Deconvolution of absorbance spectra. The bandgap
vs. size dependency derived from calibration vs. AUC data
(Fig. 4) has been used in the following for deconvolution of
absorbance spectra. In Fig. 5a, the absorbance spectrum of the
feed is shown, the evaluated wavelength range for the calcu-
lation of the PSD is indicated by a blue frame (460 nm–

800 nm). The spectrum in this region shows a characteristic
behavior with two less distinct absorption features at ∼480 nm
and ∼550 nm (Abs 1 and Abs 2, indicated by arrows in Fig. 5a).
It has to be mentioned that data analysis of even smaller wave-
lengths than indicated by the blue frame would be desirable.
However, in the region below 460 nm, an ongoing absorption
increase of the material is noticed due to (i) higher order exci-
tonic transitions and (ii) the absorbance of organic com-
ponents. Thus, possible information on smallest nanocrystals
– that are known to be present due to the fact that (i) they were
identified by HRTEM, (ii) calculated from the SAED by Scher-
rer formula and (iii) the PSD does not reach a zero-value for
small particle sizes when the minimum wavelength is fixed at
460 nm – is distorted by those additional features. However, in
view of the results obtained by the formerly discussed charac-
terization methods, we think that evaluation of wavelengths
ranging from 800 nm to 460 nm and thus particle sizes down
to 1.6 nm, already gives important insights to SSP. The derived
PSD is shown in Fig. 5b. A slightly bimodal PSD ranging from

Fig. 4 Comparison of size-dependent optical bandgap of CuInS2 NCs
from calibration vs. AUC (black line), EMA calculations56 (blue dashed
line), absorption spectra55 (red squares) and PLE spectra55 (green
spheres). Tabulated values are summarized in Table S3 in ESI.†
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1.6 nm to 3.8 nm with maxima at 1.8 nm and 2.3 nm and a
weak tailing at larger particle sizes between 3.0 nm and
3.8 nm was found. The bimodality results mathematically
from the two features (Abs 1 and Abs 2) in the absorbance
spectrum. In contrast to that, a bimodal PSD was not obtained
by the AUC analysis. A possible explanation for this mismatch
is the small size and the high diffusivity of the QDs which
cause a broadening of the size distribution. Even though the
applied c(s) analysis corrects the influence of diffusion, its per-
formance is limited due to the size dependent density of the
QDs which in turn hampers the resolution of the analysis. The
resolution of the 2-dimensional c(s,D) analysis was also limited
due to the maximum grid size of 30 × 30 points. More
enhanced data analysis methods such as 2DSA59 could not be
applied due to the lack of regularization as explained in the
‘theoretical background of AUC’ in ESI.†

Despite the fact that particles <1.6 nm cannot be covered by
the deconvolution and that the exact PSD shape cannot be
unambiguously determined, the overall size range obtained is
in agreement with results obtained by HRTEM, SAED, XRD
and AUC. Thus, the deconvolution algorithm using the derived
bandgap vs. size relationship is seen to be applicable for ana-
lyzing SSP of CuInS2 QDs in more detail. This will be described
in the following.

In Fig. 6, the absorbance spectra and the corresponding
PSDs of the feed and the three isolated fractions are summar-
ized. Regarding first the absorbance data shown in Fig. 6a,
coarse fraction #1 (red dashed line) seems to be nearly identi-
cal to the absorbance of the feed (black solid line). In fines
fraction #2 (green dotted line), the second absorption feature
located at ∼550 nm (Abs 2) is not there anymore. However, this
does not mean that there is no absorption in this wavelength
range at all. The onset shifted from ∼675 nm to ∼625 nm and
the overall spectrum is narrower, however, still relatively broad
if compared to the absorption of Cd-based systems. Finally,
residuals fraction #3 shows a very similar absorption behavior
to fines fraction #2. Noteworthy, no additional features or irre-
gularities are present, although the sample contains a much

higher amount of organic molecules than the other fractions.
This indicates that the organics have no pronounced influence
on the absorption behavior in the visible range, but rather link
isolated QDs together without formation of solid bridges (see
AUC results in section 3.4).

As shown in Fig. 6b, the calculated volume density distri-
butions were scaled with the relative masses of the individual
fractions by multiplication with c (0.90), f (0.04) and r (0.03),
respectively. The values in brackets give the numbers for experi-
ment 1 (see Table S1 in ESI†). As already expected from the
absorbance spectra, the PSD of the coarse fraction #1 is almost
identical to the feed distribution, showing a slightly bimodal
shape with maxima at 1.8 nm and 2.3 nm. For the fines frac-
tion #2 and the residuals fraction #3, a distribution ranging
from 1.6 nm to 3.1 nm was calculated as it becomes clear from
the enlargement shown in Fig. 6d. Both PSDs of fractions #2
and #3 show a single maximum located at 1.8 nm. Only a small
additional feature is present around 2.1 nm. Thereby, the PSD
was narrowed in terms of the total width from initially ∼2.1 nm
for the feed to ∼1.5 nm for the fines fraction.

To verify the mass balance, the mass weighted volume
densities of the three fractions #1, #2 and #3 were summed
up and the deviation to the feed distribution was calculated.
The result is shown in Fig. 6c by purple dotted lines.
The missing part makes up 1% in the experiment exemplarily
shown in Fig. 6 or 3.6% (±2.3%) when talking about mean
values. The missing part mainly consists of smaller particles
plus some midsized particles. According to the results
discussed so far – which are congruent with AUC data – larger
particles are only found in the coarse fraction. This coarse
fraction makes up 90.1% of the total mass with a very small
standard deviation of ±1.3%. Irrespective of the distribution of
the masses amongst the other two fractions with smaller
particles or the missing part, a high reproducibility for the
coarse fraction is given which contains more large and less
smaller particles than the feed and the other fractions. This
means that 10 wt% of small particles are removed from the
feed by SSP.

Fig. 5 (a) Absorbance spectrum of CuInS2 QDs and (b) the corresponding PSD obtained by deconvolution of the wavelength range from 800 nm to
460 nm; the latter is indicated by a blue frame in the absorbance data of (a).
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In summary, the deconvolution results show the following:
the PSDs of both, feed and coarse fraction #1 are bimodal and
cover a wide size range from at least 1.6 nm up to ∼3.8 nm.
The PSDs of the fines #2 and the residuals fractions #3 are
more narrow. These findings are in agreement with the pre-
viously discussed results obtained by XRD and AUC which
already indicated that these two fractions consist of clearly
smaller QDs. Biggest nanocrystals with a size exceeding
3.0 nm are solely found in the coarse fraction #1 and are
neither present in the fines fraction #2 nor in the residuals
fraction #3. Taking further into consideration the closed mass
balance by 3.6% ± 2.3%, it can be concluded that 10 wt% of
medium and small particles are sorted out by SSP from the
original feed PSD. Thus, large particles exceeding 3.0 nm are
enriched within the coarse fraction #1.

3.4.3. Luminescence of the single fractions. Photo-
luminescence (PL) spectra of the samples are shown in Fig. 7,
the optical data is additionally summarized in Table S1.† Both,
the feed and the coarse fraction #1 show a broad luminescence
with a FWHM of about 105 nm. The emission seems to consist
of two peaks with maxima at ∼640 nm (Emi 1) and ∼665 nm
(Emi 2, indicated by black arrows) and similar relative intensi-

ties. For the fines fraction #2, however, the signal consists of
one main peak which is clearly shifted to smaller wavelengths
(∼625 nm). Only a very small feature at ∼655 nm can be identi-
fied. The FWHM of the fines fraction #2 is ∼90 nm. Therefore,
its emission signal is less broad than those of the feed and the
coarse fraction #1. Residuals fraction #3 shows similar emis-
sion characteristics as fraction #2. So far, these results are in
agreement with the absorption data, where the coarse fraction
was almost identical to the feed, and a shift to smaller struc-
tures was found for the fines #2 and the residuals fraction #3.

Importantly, a further effect of SSP is the change of the
emission intensity of the single fractions. Relative to the emis-
sion of the feed, the signal is increasing for coarse fraction #1
and decreasing for fines and residuals fractions #2 and #3.
These results altogether hint at two important aspects:

First, the emission position for CuInS2 QDs seems to be
size-dependent as it is generally the case for QDs due to
quantum confinement, but – to the best of our knowledge –

has not yet been reported for CuInS2 QDs synthesized with
this method. In fraction #2 which mainly consists of smaller
particles compared to fraction #1, the emission is clearly blue-
shifted, which is in accordance with the larger bandgap of the

Fig. 6 (a) Absorption spectra of the feed (black solid line), coarse fraction #1 (red dashed line), fines fraction #2 (green dotted line) and residuals frac-
tion #3 (cyan blue dashed-dotted line); (b) the therefrom derived mass weighted particle size distributions (PSD); (c) feed PSD directly derived from
the absorbance measurement (black solid line) in comparison to the sum of mass weighted individual fractions #1, #2 and #3 (pink dashed line) and
the deviation between the feed and the classified fractions #1, #2 and #3 (purple dotted line); (d) enlargement of fractions #2 and #3 shown in (b).
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smaller nanocrystals. The small and less distinct feature at
∼655 nm may be ascribed to particles with medium sizes. Fur-
thermore, the FWHM of fraction #2 is narrower, which may
result from the fact that a smaller range of particle sizes is con-
tributing to the emission. The emission properties of multi-
component QDs have been investigated in the past60–63 with a
focus on the underlying recombination mechanisms. The posi-
tion of the emission signal in CuInS2-based systems has been
attributed to donor–acceptor pair (DAP) recombinations on
the surface (higher energy) or inside the particles (lower
energy).46,60 Our investigations show a size-dependency of the
luminescence position which is most likely in agreement with
a location dependent mechanism. As smaller particles have a
comparably larger surface-to-volume ratio, the probability of
recombination to occur via surface processes will ineluctably
be increased. For larger particles, instead, the relative prob-
ability for a DAP to happen within the particle might be
enhanced. Future emission lifetime measurements could shed
further light on the optical properties of the single size frac-
tions of CuInS2 QDs.

Second, larger nanocrystals seem to emit stronger than
smaller ones. This effect was also reported for the classifi-
cation of Si nanocrystals64 and Mn-doped ZnS nanoparticles.65

To recheck whether the increased luminescence results from a
real size effect or from the washing itself (note that the
additional classification of coarse fraction #1 might change
the particle surface in comparison to the feed), two tests were
performed: in one experiment, the purification step of the feed
was repeated once more, i.e., an excess of antisolvent was
added and centrifugation was performed (for purification
details see Experimental section). In another experiment, all
separated fractions were mixed back together after SSP. For
both tests, optical characterization of the newly-prepared
samples was performed. A schematic illustration of the two

experiments and the corresponding spectra is shown in
Scheme S2 and Fig. S3 in ESI,† respectively. The results were
the following: (i) the absorption spectra of the samples
obtained from both experiments were identical to the absorp-
tion of the feed discussed previously. (ii) The shape of the
luminescence signal in both cases was identical to the one of
the feed as well. (iii) However, the intensity of the lumines-
cence signal did not increase (as it did for fraction #1), but
decreased slightly in both cases, a further washing step as well
as recombination of the separated fractions after SSP. The
latter proves that each purification step and therefore removal
of protective surface ligands leads to a decrease in PL intensity
for CuInS2 nanocrystals (see ESI† ‘additional experiments’ for
detailed discussion of the tests and the interpretation of the
results).

Therefore, we can clearly rule out washing effects as a
reason for the increase of PL intensity. Instead, especially the
second experiment, in which already separated fractions were
recombined, proves the size effect to be the main reason for
the increase in emission intensity. We assume that the
reduced emission of smaller QDs (fractions #2 and #3) is due
to their higher surface-to-volume ratio that leads to an
increased impact of surface defects, causing a quenching of
the emission. Fraction #1 in turn shows an improved emission
in comparison to the feed although it has undergone one
washing step (or at least a procedure that is very similar to
washing) more than the feed. It contains the highest relative
amount of larger nanocrystals where surface defects and the
relative amount of organics are reduced. This leads to less
quenching. Thus, a selective reduction of the mass of smaller
nanocrystals in a given feed sample by only 10% (relative mass
of fraction #2 plus #3 referred to the total mass of CuInS2 QDs)
leads to an improvement in the emission properties. This
finding evidences the strong influence of smallest changes in
a QD PSD with respect to the later product properties.

4. Conclusion

In this study, the influence of the PSD on the optical pro-
perties of CuInS2 QDs was investigated. HRTEM and SAED
depicted the existence of particles with sizes ranging from at
least 1.4 nm to 3 nm. By means of AUC analysis a core size dis-
tribution ranging from 1.5 nm to 3.8 nm was obtained.
Regarding the small deviation between the AUC and SAED size
measurements, it has to be stated that the latter just provides
a mean size of a small fraction of the particles present in the
sample, while AUC delivers information on the PSD of the
whole ensemble. This PSD data (PSDAUC) was used in a next
step together with PSDs obtained by deconvolution of absor-
bance data (PSDalg) to derive a bandgap vs. particle size
relationship. While deconvolution of the absorption spectra
led to a slightly bimodal PSD of the feed sample, a monomo-
dal core size distribution was obtained by AUC possibly due to
a broadening of the distribution caused by the small size of
the QDs and their diffusivity. The correction for these factors

Fig. 7 Photoluminescence spectra of the feed (black solid line), the
coarse fraction #1 (red dashed line), the fines fraction #2 (green dotted
line) and the residuals fraction #3 (cyan blue dashed-dotted line). All
samples were diluted to an optical density of 0.1 at 480 nm, the exci-
tation wavelength was λexc = 480 nm.
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is an ongoing process which was already solved for more
simple systems39 and might be solved for CuInS2 QDs in the
near future as well. The particle sizes obtained by deconvolu-
tion of absorbance spectra were ranging from 1.6 nm up to
3.8 nm. Smaller particle sizes could not be extracted from the
absorption spectrum due to an overlapping of size information
with other features, mainly resulting from excitonic states and
organic molecules.

SSP was performed to classify the nanocrystals. Detailed
characterization of the starting feed material and the final frac-
tions revealed the structural and compositional homogeneity
of the particle cores in the single fractions. The obtained
mean sizes generally are in agreement within 1 Å, i.e. 2.3 nm
for the coarse fraction #1 by both AUC and deconvolution of
the absorbance spectrum; and mean sizes of 1.9 nm (AUC)
and 1.8 nm (deconvolution) for the fines fraction #2. Thus,
SSP resulted in the separation of smaller particles from the
larger particles. The influence of SSP on the optical perform-
ance was investigated and revealed that differences in the
spectra can be mainly attributed to size effects. We could show
that optical characteristics as absorption and emission fea-
tures as well as their positions are influenced by the particle
sizes present in the sample. Moreover, our results show that
the relatively broad FWHM of the PL signal of CuInS2 QDs is at
least partly related to the underlying width of the PSD. To the
best of our knowledge, the reason for this typical broad emis-
sion signal which is usually observed for multicomponent
materials was not explained before. Furthermore, a removal of
10% of the samples’ total mass on smallest particles leads to
an increase of the emission intensity. This is ascribed to the
preferential sorting out of small particles which have a higher
surface-to-volume ratio and a relatively defect-rich surface.

It is important to point out that this work focuses on the
effect of the PSD. Further factors, e.g. identity of organic
surface ligands, bonding nature, ligand coverage, and most
important, the influence of these factors on the electronic
states, will certainly have an additional influence on the emis-
sion properties. As the surface coverage and nature of ligands
is influencing the SSP as well, detailed investigation of the
interface characteristics is expected to result in better separ-
ation efficiencies in future. Our work is aimed to provide an
insight into the effect of the PSD on optical characteristics by
using the simple but not yet in detail understood approach
SSP. We are fairly convinced that improved synthesis and post-
processing will result in more defined and better controllable
emission characteristics for multicomponent QD systems in
future.
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