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Nanocomposites combining functional nanoparticles and transparent polymers allow for stabiliza-
tion of filler properties over long periods of time while retaining transparency of the polymer matrix.
Here we employ CulnS;/ZnS quantum dots (QDs), ternary visible- and NIR-emitting semiconduc-
tors as wavelength-tunable luminescent fillers. Luminescence in the near infrared (NIR) is of particu-
lar interest in medicine which allows deep penetration into human tissue enabling in vivo diagnostics
and treatment, while visible emitters may serve as color converters in displays or lighting. To stabi-
lize the optical properties of QDs and prevent agglomeration, polymethyl metacrylate (PMMA) was
chosen as a matrix. These novel polymer nanocomposites (PNCs) show good optical properties and
stability under ambient conditions, and can be easily deposited over large areas. High-quality QDs
and hydrophobic functionalization with long-chain hydrocarbons are a prerequisite for embedding
into a PMMA matrix. Transparent PNC films without visible scattering losses were obtained for 1
wt-% QD loading with respect to the polymer. Partial transparency is retained up to 10 wt-% QD
loading and vanishes rapidly at higher loading. Luminescence properties increase up to 5 wt-% and
then decrease rapidly due to QD agglomeration and reabsorption between adjacent particles. Poten-
tial applications include converter materials for medical applications, laser layers, displays and white

LEDs.
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Introduction

Transparent quantum dot/polymer nanocomposites
show promising applications as sensor materials [1],
light converters in LEDs [2, 3] and quantum cut-
ting layers for solar cells [4]. Immobilizing inorganic
nanoparticles in a polymeric matrix allows combining
their unique optical [5], electrical, magnetic [6], and
thermal [7] properties with the feasibility of polymers
while overcoming their tendency towards agglomera-
tion in solution. With particle sizes below ca. 40 nm,
scattering of light is suppressed [8], thus allowing high
levels of transparency. While polymer nanocomposites
(PNCs) incorporating i. e. CdSe [9], doped Zn(S,Se)
nanoparticles [10] or organic dyes [11] are well estab-
lished for use across the visible spectrum, materials for
the near-infrared (NIR) portion of light still have re-

mained largely unexplored. Most of the existing NIR-
emitting materials contain toxic elements which are
not acceptable in consumer goods.

Luminescent semiconducting nanoparticles cover
emission wavelengths from the near-UV to mid-
IR [12]. The NIR portion of light is of particular in-
terest in medicine where living tissue does not absorb
strongly anymore in the so-called in vivo windows, the
first of which is located between 670 and 900 nm [13].
To make this region accessible for excitonic lumines-
cence, a semiconductor must have a band gap of ap-
proximately 1.8 eV or lower. At such low energy val-
ues, carrier relaxation due to lattice vibrations becomes
significant, and luminescence is strongly quenched at
room temperature. Phonon quenching can be overcome
by spatially confining the electrons and holes of a parti-
cle to dimensions lower than their Bohr exciton radius,
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thus bringing it to a quantum-confined state. Quantum
dots are confined in all dimensions and feature size-
dependent optical properties.

Among luminescent materials, I-III-VI semiconduc-
tors combine high quantum yield, wavelength tunabil-
ity in the visible and NIR region, broad excitation and
emission spectra, and low inherent toxicity. In partic-
ular, CulnS; (CIS) is a notable ternary semiconductor
with a bulk band gap of 1.5 €V and an exciton Bohr ra-
dius of 4 nm. The emission can be tuned from green for
the smallest nanocrystals up to ca. 830 nm [14 - 16].
Zhong et al. [17] developed the synthesis of highly lu-
minescent CIS QDs by thermolysis of cationic precur-
sors in the presence of excess 1-dodecanethiol (DDT)
that acts as a surfactant, complexing agent and sulfur
source rendering the QDs inherently p-type with a hy-
drophobic surface functionalization. Quantum yields
as high as 70 % for ZnS-coated particles [18] have been
reported up to date. Type I shell alignment with wide
band-gap ZnS provides stability against chemical and
photodegradation.

Although there has been significant progress in the
application of I-III-VI semiconductors [19], most of
the research efforts on CulnS; QDs focused on their
potential for solar energy conversion and bio-imaging.
CIS-polymer nanocomposites have not been widely
studied so far motivating the research efforts presented
here.

Experimental Section
CulnS, /ZnS synthesis

Synthesis of CIS/ZnS quantum dots was adopted from
earlier reports [17, 20] and modified for increased reaction
yield. All precursors were obtained from Sigma-Aldrich and
were of analytical grade. All solvents (technical grade) used
were obtained from Sigma-Aldrich and used without further
purification. The DDT to Cul precursor molar ratio was kept
at approximately 40 : 1. Indium acetate (In(OAc)3) and cop-
per iodide (Cul) were used in stoichiometric amounts. The
non-coordinating solvent 1-octadecene (ODE) was used as
dilutant. The mixture was degassed in vacuum before heating
and backfilled with argon several times. QD samples emit-
ting at 570 (QD570) and 590 nm (QD590) were synthesized
by injecting the sulfur precursor at 130 and 150 °C, respec-
tively, and annealing for 20 min in DDT and ODE. The sul-
fur precursor was prepared by dissolving sulfur powder in
a 1 : 1 mixture of oleic acid and ODE. 620 (QD620) and
660 nm (QD660) emitters were synthesized by the pyroly-
sis of DDT at 200 °C for 40 and 90 min, respectively. Shell

growth was carried out at 180 °C under argon by drop-wise
addition of zinc stearate or zinc acetate (ZnSty; Zn(OAc),)
in ODE and tri-n-octylphosphine sulfide (TOPS, ca. 2 : 1
TOP: S) over 15 min. Zn(OAc), was used to produce QD570
and QD590 at molar excess of 6 : 1 for Zn:In. ZnSt, was
used to produce QD620 and QD660 at a molar excess of
3:1 for Zn:In. Shell precursors were prepared by dissolv-
ing sulfur in tri-n-octylphosphine under stirring and admix-
ture of ZnSt; in ODE or Zn(OAc); in ODE and oleylamine
(OLA) in ambient conditions. QDs were purified by hexane-
acetone, chloroform-methanol-acetone and hexane-acetone
extraction. Purified QDs were stored in hexane at a concen-
tration of 50— 150 mgmL~!.

Nanocomposite fabrication

Polymer nanocomposites were prepared by dissolving
PMMA granules (Degalan”, Evonik Industries) in toluene at
20 wt-% of PMMA. Next, the concentrated QD solution was
added drop-wise into the polymer solution under moderate
stirring over several hours. The solution was mildly heated to
evaporate hexane and increase viscosity. Stock QD/polymer
solutions were prepared and kept stirring in ambient condi-
tions. Luminescent layers were prepared by doctor-blading
with initial thickness of ca. 100—1200 um and dried under
vacuum. 1-15 wt-% PNCs were prepared by spin-coating at
1500 rpm for 60 s and additional samples with 1-7.5 wt-%
by doctor-blading. All QD loading weight percentages were
calculated with respect to dry PMMA.

Characterization

XRD patterns were obtained on a Rigaku Mini Flex
IT Desktop diffractometer. Particle size was estimated by
Dynamic Light Scattering (DLS) on a Malvern Zetasizer
NanoXS. Transmittance measurements were conducted us-
ing a ThermoScientific Genesys 10S UV /Vis spectrometer.
Luminescence properties were assessed on an Edinburgh In-
struments FSL900 equipped with a 450 W xenon lamp and
a cooled (—20°C) single-photon counting photomultiplier
(Hamamatsu R2658P). The elemental carbon content was
measured using an Eltra CS800 analyzer. FE-SEM pictures
were taken with a Zeiss-LEO 982 Gemini at 5 kV. Viscosity
flow curves were obtained on a Haake Viscotester 550.

Results and Discussion

CIS quantum dots were synthesized and coated
with a ZnS shell, a hydrophobic surface and yellow
(QD570), orange (QD590), warm red (QD620), or
deep red (QD660) emission, with emission peak wave-
lengths as denoted in parentheses. Samples QD570
and QD590 were synthesized with acetate ligands on
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Fig. 1. XRD patterns of CIS and CIS/ZnS with respective
chalcopyrite CulnS; and sphalerite ZnS references.

the zinc ions to facilitate purification procedures un-
der a large excess of zinc precursor, and QD620 and
QD660 with stearate ligands. The solvent/antisolvent
purification step was crucial for preparing transparent
PNCs. Non-polar/polar extractions were meticulously
monitored to ensure precipitation of QDs without un-
reacted precursors. The as-prepared CulnS; quantum
dots exhibited a somewhat low quantum yield of ca.
2-3% and agglomerated rapidly while blending with
a polymer solution. Overcoating with wide band-gap
ZnS stabilized the luminescence to quantum yields of
up to 30% and provided a better interface between
CIS/ZnS and PMMA. The XRD pattern of a represen-
tative sample revealed broad peaks (Fig. 1) as expected
for extremely small particles. All detected peaks can be
indexed to the chalcopyrite CulnS, phase (PDF card
no. 013-0169). Coated material exhibited a minor peak
shift towards larger angles which proves a successful
formation of the ZnS shell with a slightly lower lattice
parameter. DLS measurements were conducted to ex-
amine the QD behavior in stock solutions. The hydro-
dynamic diameter was ca. 4—6nm as seen in Fig. 2,
but due to the presence of long-chain organic ligands,
the crystalline core was actually smaller. QD570 and
QD590 dots are larger than QD620 due to higher Zn
precursor feed resulting in a thicker ZnS shell. Zn ions
are suspected to etch the QDs during shell growth

Fig.2. DLS size distribution of QDs in dilute dispersion by
volume.

effectively, thus decreasing the core size and blue-
shifting the luminescence. The QD660 sample could
not be measured by DLS due to the laser light be-
ing absorbed by the dots. All stock solutions showed
no visible agglomeration even after several months in
storage. The polymer/QD solutions were stable for at
least a week when left without stirring.

Polymer nanocomposites (PNCs) were studied by
means of UV/Vis transmittance and photolumines-
cence (PL). Figure 3a shows the optical properties of
PNCs with 1 wt-% QD loading. The transmittance
above the QD absorption and emission range is al-
most as high as that of pure PMMA clearly demon-
strating non-agglomerated particles and homogeneous
film formation. A 100 um thick nanocomposite layer
with QD620 and QD660 exhibits ca. 1 % loss in trans-
mittance with respect to a PMMA layer of the same
thickness. Transmittance of QD660 PNC layers with
different thicknesses are depicted in an inset in Fig. 3a.
Using doctor-blading, layers of up to approximately
110 pwm could be easily fabricated. Half of 450 nm blue
light intensity can be absorbed with minimal scattering
losses making the films potentially useful as color con-
verters from cheap and efficient blue LEDs to NIR. In
case of QD570 and QD590 scattering losses are larger
presumably due to the short length of the acetate lig-
ands influencing the QD stability in polymer solution.
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Fig. 3 (color online). Transmittance (a) and luminescence spectra in reflectance setup (b) of 1 wt-% PNCs; the inset shows
the transmittance of 1 wt-% QD660 in PMMA with varying layer thickness; view of luminescent PNC layers under ambient

light (c) and UV irradiation (d).

QD concentrations higher than ca. 2 wt-% yielded
translucent films. Elemental carbon analysis revealed
a total organic content of 29—-33 % in the purified dry
QDs. Such a high carbon residue indicates the pres-
ence of unbound surfactants. Although small amounts
of excess surfactants did not decrease the optical
properties of nanocomposites, the presence of un-
washed metallic precursors rendered the films translu-
cent regardless of QD loading, as observed in our
experiments. Tri-n-octylphosphine (TOP) has a high
affinity towards oxygen and can bind with PMMA
oxygen sites plasticizing the matrix. Adding small
amounts of TOP to QD solutions prior to blending with
PMMA produced transparent gels that could not be
dried.

PNCs prepared with purified QDs, however, did not
exhibit plastic behavior after drying. In case of QD570
and QD590 dots, the zinc stearate precursor was re-
placed with zinc acetate to facilitate the purification
procedure. Acetate capped QDs agglomerated rapidly
when introduced into the polymer melt above 1 wt-
% loading. Luminescence properties of the nanocom-
posites are red-shifted with respect to samples in di-
lute dispersion as seen in Fig. 3b. The shift amounts to
10-20 nm being larger the bigger the QDs are. Booth
et al. [21] correlated the CulnS, particle size with
a molar extinction coefficient following a power law
dependency. Smaller QDs absorb less incident radia-
tion and therefore reabsorption between adjacent QDs
is less prominent. The reabsorption phenomenon thus
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Fig. 4. Transmittance of QD660 PNCs prepared by spin-coating with 1 — 15 wt-% loading (a); cross-section FE-SEM pictures

of the corresponding 5 wt-% (b) and 10 wt-% (c) PNCs.

can partially be suppressed by narrowing the particle
size distribution. We employed size selective precip-
itation [22] in an attempt to obtain more monodis-
perse samples, but to no avail. We observed no ap-
parent change in the shape or position of the lumi-
nescence peak. We conclude that while reabsorption is
a general phenomenon observed in quantum dots [23],
there is more benefit in using ternary I-III-VI QDs
as luminescent fillers rather than their binary coun-
terparts for their larger Stokes shift [19] allowing for
higher amounts of filler loading before luminescence
is quenched.

Optical properties of the PNCs were re-measured
periodically and were found to be stable during the 90
d testing period when stored under ambient conditions.
The luminescence properties of nanocomposites can be
tuned by varying QD growth time and temperature as
well as nanocomposite thickness and QD loading. Sub-
stituting indium by e. g. gallium, or replacing copper
by silver, can be used to tune the band gap and expand
the luminescence range further into the blue region of
the visible spectrum.

We have investigated the influence of filler load-
ing on scattering and luminescence quenching. QD660
dots were employed to fabricate 1 —15 wt-% PNCs, us-

ing spin-coating to exclude the influence of prolonged
drying on the properties of the final product. As de-
picted in the transmittance plot (Fig. 4), two agglom-
eration stages are revealed with respect to QD load-
ing. Slight scattering begins at 5—10 wt-% and be-
comes very pronounced at 15 wt-%. The transmit-
tance at 800 nm amounts to 96, 94 and 91 % for 5,
7.5 and 10 wt-% QD loading, respectively, and de-
creases dramatically to 75 % at 15 wt-% loading. Spin-
coated nanocomposites were 5 um thick. FE-SEM in-
vestigation revealed the formation of ca. 100 nm large
agglomerates increasing in size and fusing together
at higher loading, thus causing the 15 wt-% PNC to
scatter like bulk composites with agglomerates grown
larger than the wavelength of visible light. Wang et
al. [24] found 3-mercaptopropionate-capped CulnS;
QDs to strongly scatter above 10 wt-% loading when
embedded in a cellulose matrix. Rapid agglomera-
tion was induced above 10 wt-% (2.5 vol-%) load-
ing matching our findings. While occurring in chemi-
cally different matrices, the rapid agglomeration may
partially be due to the morphology of CulnS;/ZnS
quantum dots. HR-TEM investigations revealed tetra-
hedrally shaped QDs [16, 20] that possess a larger in-
terface area than corresponding spherical particles.
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Fig.5. Emission spectra of QD660 spin-coated PNCs with
monochromatic 450 nm excitation in reflectance mode; the
inset shows luminescence spectra of stacked doctor-blade
samples excited with a blue LED in transmission mode.

Emission spectra of spin-coated samples, mea-
sured in reflectance mode excited with monochro-
matic 450 nm light, are depicted in Fig. 5. The emis-
sion steadily increases and is almost doubled at 15
wt-% loading when compared to 10 wt-%. The en-
hancement is due to a higher absorbance of the thin
film caused by scattering and an increased number
of luminescent centers in the matrix. While scatter-
ing is beneficial for some applications, in laser lay-
ers it needs to be avoided. An additional 5—10nm
peak shift at higher loading indicates increasing re-
absorption and luminescence from agglomerates. In
turn, the quantum yield of luminescence in 10— 15
wt-% PNCs is expected to decrease. To compare
PNCs performance for color converter applications
we have measured the nanocomposites in transmit-
tance mode illuminated by a 1 W blue LED. The
inset in Fig. 5 represents stacked QD660 containing
doctor-blade samples measured in transmittance mode.
The results confirmed our expectations from previ-
ous measurements. Transparent samples with 1 -2 wt-
% QDs have a luminescence peak at 680 nm regard-
less of sample thickness but require a higher optical
path length than provided to absorb all incident ra-

Fig. 6 (color online). Luminescent layer composed of differ-
ent nanocomposite blends obtained by “painting” on glass
and casting 150 uL drops of QD /polymer solutions on soda-
lime glass (d = 10—15 mm).

diation. The peak in the blue range comes from the
PMMA matrix. The strongest luminescence was ob-
tained for 5 wt-% loading with most of the excita-
tion light being absorbed directly or aided by scatter-
ing. The peak of luminescence is red-shifted by 20 nm
with respect to non-scattering PNCs indicating reab-
sorption from agglomerates. Increasing the concentra-
tion to 7.5 wt-% decreased the luminescence by a fac-
tor of 5 and shifted the peak further into the NIR
region. The real ratio of the peaks due to CulnS,
and to the matrix was difficult to measure quantita-
tively owing to problems with the detector sensitivity
in the NIR.

Fig. 6 depicts luminescent layers prepared by paint-
ing a glass surface using a Pasteur pipette. Multi-
colored samples can be easily obtained, and special
patterns can be realized simply by applying a mask.
Room temperature viscosity measurements of 1 wt-
% PNC solutions revealed a mostly Newtonian flow
up to a shear rate of 500s~! and 7 in the range of
200-250 mPas. A higher viscosity can be reached by
controlled solvent evaporation rather than by increas-
ing the initial polymer concentration in solution to fa-
cilitate dispergation of the particles in the liquid. The
measured flow properties are suitable for a wide range
of application techniques such as printing, dip-coating,
spin-coating, painting efc. The properties of stock PNC
solutions can be further tuned by using high-boiling
solvents like ethyl benzoate or low-boiling solvents
like tetrahydrofuran. Toluene was used with doctor-
blading technique because of its moderate volatility,
easy PMMA dissolution, miscibility with hexane and
stability of stock PNC solutions. QDs stored in hexane
did not undergo degradation and showed no decrease
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in quantum yield during storage at room temperature
for at least several months.

Conclusion

In summary, CulnS;/ZnS quantum dots were em-
bedded ex situ into polymethyl metacrylate matrices
with up to 15 wt-% loading. Luminescence intensi-
ties increased up to 5 wt-% and decreased rapidly at
higher concentrations. Highly transparent nanocom-
posites were obtained at 1 wt-% loading enabling po-
tential applications as NIR converter layers and thin
films for lasing and lighting. Nanocomposite films
can be easily fabricated on larger scale using vari-
ous coating techniques and are stable under ambient

conditions. Synthetic and purification procedures for
quantum dots were found to a have major influence
on the quality of the resulting polymer nanocompos-
ites. Long-chain carboxylates (C1,—C;g) stabilized the
quantum dots in the polymer solution and in solid
nanocomposites. Acetate groups with their short chain
induced nanoparticle agglomeration in the polymer so-
lution already above 1 wt-% loading.
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