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Abstract: Quantum dots (QDs) are quite interesting materials due to their unique chemical and
physical properties. ZnCulnS/ZnS QDs can be produced either in hydrophobic or hydrophilic form,
are non-toxic, and thus favorable for studies in the area of biology. Poly(methyl methacrylate)
(PMMA) is a well-known biocompatible resin which is widely used in dentistry, ophthalmology,
and orthopedic surgery. Four composite PMMA films of ZnCuInS/ZnS nanocrystals with maximum
emission at 530 nm and concentrations of 1.0, 4.0, 6.0, and 10.0 %w/v, were prepared. X-ray irradiation
was used to evaluate the volume homogeneity of the final samples, as a measure of QD dispersion.
The luminescent efficiency was evaluated, under ultraviolet (UV) irradiation. The process of UV
irradiation involved the experimental measurement of the forward luminescent light, as well as the
backward luminescent light, in order to accurately calculate the energy quantum efficiency (EQE) of
ZnCulnS/ZnS QDs. Reflected UV radiation was also measured, and results showed that it ranges
from 2% to 6% approximately as the QD concentration rises from 1.0 %wj/v to 10.0 %w/v. Beyond
6.0 %w/v, the reflected UV radiation remains essentially unchanged. Additionally, the reflected UV
radiation remained unaffected as the power of the incident UV increased. Approximately 9% of
incident UV radiation passed through the 1.0 %w/v sample, whereas for the samples with higher
ZnCulnS/ZnS concentration, 0% UV radiation passed through. The EQE reached a maximum of about
45% with the 10.0 %w/v sample, while it remained practically unaffected relative to the increase of the
emitted UV power. The homogeneity measurements revealed that the coefficient of variation (CV)
increased with increasing concentration, for the 1.0, 4.0, and 6.0 %w/v samples. The minimum CV
was obtained for the sample of 10.0 %w/v due to the incorporation of sonication in the final product,
during the fabrication process.
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1. Introduction

Quantum dots (QDs) are inorganic semiconductor nanocrystals with sizes in the nanoscale
range [1]. The size, shape, and consequently the number of electrons they contain can be accurately
controlled by chemical processes [2]. During fluorescence stimulation, quantum dots are excited by
radiation of specific energy and emit in different wavelengths, depending on their size [3-5]. Their
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excellent chemical and physical properties, such as the high energy conversion efficiency, the high
extinction coefficient, tunable emitting wavelength, the broad excitation spectrum, and the resistance
to photobleaching have attracted the interest of the scientific community providing quite impressive
results [6-12]. QDs are 20 times brighter and 100 times more stable than traditional fluorescent
indicators [13]. In the area of biology, because of their microscopic size and high penetrating ability,
they can enter tissue and cells with ease. QDs make the long-term real-time monitoring and tracking of
molecules and cells more feasible. During the last years, QDs have been employed in many areas such
as solar cells, transistors, light-emitting diodes (LEDs), medicine and biology applications, as well as in
quantum computing [14-22]. QDs that contain cadmium or mercury have been used in the above areas;
however, for biomedical applications, QDs must meet additional criteria since toxic compounds are not
allowed. High toxicity in the biological environment can destroy cells and tissues. European Union
Directive 2011/65/EU “Restriction of the use of certain hazardous substances” (RoHS) [23] has set the
limits of hazardous toxic compounds, such as cadmium or mercury, to protect humans as well as the
environment. Under the prism of nontoxicity, cadmium-free ZnCulnS/ZnS QDs might be an interesting
candidate for medical applications. Another important factor which dictated the use of ZnCulnS/ZnS
QDs was the fact that they emit light in the green region of the optical spectrum, being compatible
with the most common digital optical sensors that are utilized in biomedical instrumentation [24-28].
Multiple methods have been reported for the preparation of QD films [29-32]. Previous work of
our group introduced a simple method for the fabrication of composite films using a mixture of
powder scintillators and PMMA. PMMA is a well-known thermoplastic which is widely used in
biomedical applications. [28,33-35]. The in vitro and in vivo biocompatibility of PMMA has been
studied extensively, and its resins are broadly used in medicine [36]. In ophthalmology, intraocular
lenses are made of PMMA, while in orthopedic surgery, PMMA is used as bone cement in joint
replacements, screw fixation in bone, and filler for bone cavities and skull defects [36,37]. Furthermore,
in dentistry PMMA is used in dental prostheses [38,39]. In this study, the luminescence efficiency of
four ZnCulnS/ZnS/PMMA samples, prepared with the previously mentioned method, was evaluated
for possible use in medical applications. Volume homogeneity as a measure of QD dispersion of the
composite films was assessed using medical X-ray images.

2. Materials and Methods

PMMA (poly methyl methacrylate) powder (average Mw ~120,000 by gel permeation
chromatography) and liquid MMA monomer were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Alfa Aesar (Ward Hill, MA, USA), respectively, both with purities reaching 99%. PMMA
and MMA were mixed in a ratio of 1:2.5 [35] in order to produce a slurry, with optimum viscosity for
further handling and processing.

ZnCulnS/ZnS QDs (PL-QD-CF-530, particle size: 4-5 nm, emission wavelength: 530 + 15 nm,
cadmium free, hydrophobic) were purchased from PlasmaChem GmbH (Berlin, Germany), in powder form.

Different amounts of QDs (25, 100, 150, and 250 mg) were diluted in 1 mL toluene (Fluka Chemical,
Milwaukee, WI, USA), with purity >99%. The dilution process was facilitated using an ultrasonic
bath (TRITON—TR USR070) and a vortex (Velp Scientifica ZX3). Furthermore, 1.5 mL of the slurry
PMMA/MMA was introduced into the QD solution, followed by vortex stirring. The final product of
QD concentration 25, 100, and 150 mg was poured into flexible silicone molds, while the final product
of QD concentration 250 mg underwent sonication for five minutes before it was poured into a flexible
silicone mold too. Molds filled with the final products were put under vacuum for 15 min to remove
entrapped air bubbles from the mixture. Removal of any residual solvent was accomplished by putting
the samples in a vacuum oven (Vaciotem T, model 4001489) for 24 h at 50 °C.

The produced samples were labeled as QD25, QD100, QD150, and QD250, where the QD number
indicates the amount of QD in milligrams within the sample (Table 1).
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Table 1. Quantum dot (QD) concentrations along with their values in %w/v.

Ref. mg QD/mL Toluene %w/fv in QD *
QD25 25 1.0
QD100 100 4.0
QD150 150 6.0
QD250 250 10.0

* In the final product, before molding.

Two experimental configurations were designed for the UV irradiation of the prepared films.
Both involved the use of a UV source emitting at 365 nm (Prizmatix multichannel LED light source)
and the forward and backward luminescent light was accurately measured by an integrating sphere
(Ocean Optics Inc., Micropack Integrating Sphere 50 mm ISP-50-8-R-GT) followed by a grating optical
spectrometer (Ocean Optics Inc., HR2000). Figure 1 shows the graphical representation of the forward
and backward luminescence light, as well as the reflected and transmitted UV radiation. Measurements
were fed into a laptop computer for presentation and further processing. Figure 2a,b shows the
experimental configuration for the analysis of the forward luminescent light, as well as the incident
UV radiation, that passes through the sample. As shown in Figure 2a, the UV irradiation originates
from the UV source, is transmitted through a stabilized flexible optical fiber, and hits the compound
film top surface perpendicularly. The distance between the sample and the optical fiber output orifice
was carefully adjusted so that the visual pattern of the UV radiation accurately fit the input port
orifice of the integrating sphere. Forward luminescent light produced by the sample, as well as the
UV radiation that pass through the sample, was then collected by the integrating sphere. A slightly
different experimental configuration was used in order to measure the reflected UV radiation, as well
as the power of the backward luminescent light. In Figure 2b the output of the LED light source is
driven through the optical fiber to the side input port of the integrating sphere. The light entering from
the side input port of the integrating sphere is internally driven to hit the sample placed on the top
sample port. The integrating sphere collects the backward luminescent light from the sample and the
reflected UV radiation and feeds them to the optical spectrometer.

Backward Luminescent Light Forward Luminescent Light

\);\
)

Reflected UV Radiation
(small red arrows)

Incident UV Radiation

e

Transmitted UV Radiation

ZnCulnS/ZnS/PMMA

Figure 1. Graphical representation of the forward and backward luminescence light, as well as the
reflected and transmitted UV radiation.
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Figure 2. Experimental setups for the UV irradiation of the prepared films: (a) The experimental
configuration for the measurement of the forward luminescent light produced by the sample, as well
as the UV radiation that pass through the sample and (b) the experimental configuration for the
measurement of the reflected UV, as well as the backward luminescent light produced by the sample.

All four compound films were irradiated with both the experimental configurations shown in
Figure 2, to acquire the forward and backward luminescent light, as well as the reflected UV radiation.
Additionally, the percentage of incident UV radiation that passed through the compound films was
measured. Both the reflected UV radiation and the UV radiation that passed through the compound
films should be subtracted from the incident UV radiation in order to accurately calculate the energy
quantum efficiency (EQE). The intrinsic EQE of a scintillator is the ratio of photon energy emitted from
the luminescent sites to the total energy trapped at those sites [40]. Disregarding any non-radiative

relaxation processes, this ratio is:
EA

BEg @
where EA is the energy of emitted photons and Eg is the energy gap of the material. BEg is the total
energy required for the creation of an electron-hole couple.

A Siemens Mammomat Inspiration was used to irradiate the four compound films in order to
evaluate the volume homogenization in terms of QD dispersion. X-ray images were acquired using
32 KV and 8 mAs with total dose of 0.4807 mGy. Images were processed with the Image] software
package to extract the coefficient of variation (CV) values of the samples. CV represents the ratio of the
standard deviation to the mean, and it is a measure of the level of dispersion of data points in a data

series around the mean.

cv=— (2)
U

where 0 is the sample standard deviation and y is the sample mean.

3. Results

For this study, various UV irradiation intensities were used as shown in Figure 3a. Spectral
presentation of the forward luminescent light for the QD250 sample is presented in Figure 3b.

Further analysis required the arithmetic measurement of the output UV radiation power.
The Newport, ST 851-UV Power Meter was used, and the results are presented in Table 2.
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Figure 3. (a) Spectral presentation of the incident UV irradiation intensities and (b) spectral presentation
of the forward luminescence of the QD250 when irradiated with the different incident UV intensities.

Table 2. Measurements of the output UV radiation power.

Power Steps Output (mW)

1 73
8.9
10.4
11.9
13.3
14.3
14.5

NGk Wi

Compound films were irradiated with X-rays in order to assess the volume homogeneity as a
result of QD dispersion. Figure 4 shows the resulting images. Many QD aggregations are apparent
in compound films QD100 and QD150. Since the fabrication process was the same for QD25, it is
assumed that there are aggregations in that sample also, but they are not visible due to the small QD
concentration. On the contrary, the sample with the highest QD concentration, QD250, has no visible
aggregations which is attributed to the 5 min sonication which was added in the fabrication process.
The CV was measured in each sample. Table 3 shows the CV measurements obtained using the Image]
software package. The region of interest (ROI) was equal for all samples (area 139.414 square pixels).
The CV value increased as the QD concentration increased while for the QD250 sample the CV value
dropped dramatically due to the 5 min sonication incorporated in the fabrication method.

Figure 4. X-ray imaging of the four compound films.
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Table 3. Coefficient of variation (CV) of the four ZnCulnS/ZnS/PMMA films.

Concentration Mean SD Min. Max. CvV
25 mg 226.518 3.578 211.5 241.404 0.015796
100 mg 203.964 5.365 161.334 220.509 0.026304
150 mg 153.34 12.504 108.301 186.088 0.081544
250 mg 131.948 6.328 100.062 136.14 0.047958

Using the configuration described in Figure 2a, the forward luminescent light and the percentage
of incident UV radiation that passed through the four compound films were measured, for the various
steps of UV radiation power, as shown in Figure 5.

From Figure 5a, it can be deduced that in the examined UV energy range, the power of the forward
luminescent light is linearly increased by increasing the power of the incident UV radiation. Goodness
of fit and slope characteristics for Figure 5a are shown in Table 4.

Table 4. Goodness of fit and slope characteristics for Figure 5a.

R? Slope
0.9804 0.6530 + 0.04126
0.9983 10.39 + 0.1892
0.9970 28.64 + 0.6978
0.9978 29.45 + 0.6175

Figure 5b shows the intensity variation of the forward luminescent light for the different QD
concentrations. These values were obtained using 11.9 mW incident UV radiation power. This figure
depicts that the forward luminescent light production rate is increasing almost linearly up to the
concentration of QD150 while after that point it tends to reach a plateau. Such performance is quite
justified by taking into consideration effects such as self-absorption and Forster resonance energy
transfer (FRET), which are of major importance. The relation between FRET and QD concentration has
been studied extensively and is in accordance with our experimental results [41,42]. FRET involves
the energy transfer between two neighbor chromophores. The donor chromophore at its excited
state can transfer its excitation energy to the receptor chromophore via a non-radiative dipole-dipole
coupling mechanism. Still, it is a prerequisite that the two chromophores must be in proximity,
typically in a range of 3-10 nm. Generally, FRET efficiency increases with QD concentration until it
saturates. The saturation level depends on the size of the chromophores, as well as on the distance
between the donor and the receptor. In our case, it appears that the FRET saturation level was reached
at the concentration of QD150, approximately. Self-absorption is a known drawback of quantum
materials [43-45]. Most QDs have a partially overlapping absorption and emission spectrum. The
extent of that overlapping defines the Stokes shift. Higher Stokes shifts denote less absorption and
emission spectrum overlapping and, thus, less self-absorption effect. Moreover, an increase of the QD
concentration means that there is a direct increase of the scattering centers in the material. Figure 5c
demonstrates the amount of the incident UV radiation that passed through the compound films. UV
radiation passed through only the QD25 film, by approximately 9%. QD100, QD150, and QD250 films
were practically impermeable to UV radiation. The power of the transmitted UV radiation was not
affected by the power increase of the incident UV radiation, as seen in Figure 5d. Furthermore, using
the experimental configuration demonstrated in Figure 2b, the power of the reflected UV radiation and
the power of the backward luminescent light were recorded.
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Figure 5. (a) The intensity variation of the forward luminescent light while increasing the power of the
incident UV radiation; (b) the intensity variation of the forward luminescent light while changing the
QD concentrations; (c) the percentage of the incident UV radiation that passed through the compound
films for the four QD concentrations; and (d) the percentage of the UV radiation that passed through
the compound films by increasing the power of the incident UV radiation.

As seen in Figure 6a, the intensity of the reflected UV radiation ranges from about 2% to
approximately 6% of the incident UV radiation, as the quantum dot concentration ranges from 25 to
250 mg. Values for Figure 6a were obtained using 11.9 mW incident UV radiation power. The intensity
of the reflected UV radiation increased up to the concentration of QD150 while after that point it
remained virtually unchanged, indicating that the concentration of the QDs affects the composition of
the reflective surface and, thus, the optical properties of the compound films, such as refractive index,
back scattering, etc. [46,47]. Reflected UV radiation remains almost unaffected by the increase of the
power of the incident UV radiation, Figure 6b.
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Figure 6. (a) The percentage of the reflected UV radiation by increasing the concentration of the QDs in
the compound films and (b) the percentage of the reflected UV radiation by increasing the power of the
incident UV radiation.

Figure 7 shows the backward luminescent performance of the four compound films with the
increase of the power of the incident UV radiation, as well as the increase of the concentration of the



Appl. Sci. 2019, 9, 2367 8of 13

QDs. Values for Figure 7b were obtained using 11.9 mW incident UV radiation power. The backward
luminescent light, as shown in Figure 7a,b, has almost the same response as the forward luminescent
light in Figure 5a,b, respectively. Direct comparison between forward and backward luminescent
light for the four QD samples shows that when the QD concentrations exceeded the concentration
of QD100, the incident UV photons interacted only with the very first layers of QDs due to the high
QD density, thus producing luminescence very close to the incident surface of the compound film.
The latter is presented in Figure 8 where it is clearly seen that after the concentration of QD100 the
dominant luminescence is reversed from forward to backward.
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Figure 7. (a) The variation of the backward luminescent light by increasing the power of the incident
UV radiation and (b) the variation of the backward luminescent light by increasing the concentration of
the QDs in the compound films.
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Figure 8. (a) The percentage of forward and backward luminescence light for the compound film
with a QD concentration of QD25; (b) the percentage of forward and backward luminescence light for
the compound film with a QD concentration of QD100; (c) the percentage of forward and backward
luminescence light for the compound film with a QD concentration of QD150; and (d) the percentage of
forward and backward luminescence light for the compound film with a QD concentration of QD250.

To accurately calculate the EQE of the compound films, the reflected UV radiation and the UV
radiation that passed through the samples were subtracted from incident UV radiation since they
did not contribute to the production of luminescence. The EQE reached a maximum of 45.52% with
the QD250 sample as presented in Figure 9a. Beyond the concentration of QD150, EQE saturated as
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a result of several previously described effects such as FRET, self-absorption, and scattering. EQE
remained unaffected by the increase of the power of the incident UV radiation, Figure 9b.
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Figure 9. (a) The variation of the energy quantum efficiency (EQE) by increasing the concentration of
the QDs in the compound films and (b) the variation of EQE by increasing the power of the incident
UV radiation.

4. Discussion

In this research, we present a simple method for the fabrication of QDs/PMMA films. Each step of
the manufacturing procedure is described in detail. Forward and backward luminescent light showed
a linear increase with the increase of the incident UV radiation. Forward luminescence light, as well as
backward luminescent light, saturated when the concentration reached QD150. Both phenomena are
explained with well-known mechanisms, such as self-absorption and FRET. It is worth noting that for
the ZnCulnS/ZnS QDs the concentration of QD100 might be a marginal concentration, after which
the dominant luminescence is reversed from forward to backward, even though more measurements
around the concentration of QD100 could optimize the accuracy of that value. The latter is an essential
parameter for the design of novel dual-mode imaging modalities such as hybrid UV-X-ray equipment
or for in vivo imaging, as well as in microscopy [48-50]. This conclusion might also be of value for the
design of non-medical applications such as light-emitting diodes (LEDs), displays, and photovoltaics.

The measurement of the reflected UV radiation revealed that the concentration of the QDs affects
the optical properties of the compound films, such as refractive index, back scattering, etc. [46,47].
Fabrication of compound films with layers of different QD concentrations could lead to the minimization
of the reflected UV radiation, thus increasing the amount of radiation that contributes to the production
of luminescent light.

Furthermore, the EQE of the compound films was calculated when exposed to UV radiation.
Transmitted UV radiation and reflected UV radiation were not taken into account for the calculation
of the EQE since they do not contribute to luminescence. Due to experimental limitations, we only
considered the forward and backward luminescence but not the lateral luminescence in order to
calculate the EQE. Thus, it is expected that the actual EQE would be higher than 45.52%.

Homogeneity of the PMMA matrix and QD dispersion was evaluated by means of X-ray
irradiation. Excellent PMMA homogeneity was achieved; however, the formation of QD clusters
as a result of aggregations was also revealed. QD25, QD100, and QD150 developed a significant
amount of QD clusters while QD250 performed much better due to the use of sonication. Excessive
aggregation can lead to the formation of QD clusters, which behave like energy traps and can
trigger several excitation energy transfer processes, such as FRET, due to short interparticle distances.
Photoluminescence quenching and energy trapping due to energy migration in the QD lattice have
been well described [51-54]. Photoluminescence quenching was not observed in our experiments, not
even in QD100 and QD150, where strong QD aggregation was present. However, a photoluminescence
plateau appeared with the QD250 sample, which exhibited minimum CV and QD aggregation. The
latter may lead to the conclusion that even though QD clustering, due to increased QD concentration,
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may play a role in luminescence efficiency, it might not be as significant as the non-radiative excitation
energy transfer mechanisms. These mechanisms tend to be quite prominent in our experiments, and
the observed plateau is attributed to them. The luminescence efficiency can be also affected by QD
composition. During the fabrication phase of QDs, oxygen (O,) pressure can also affect the defect
formation and oxygen vacancies on the QD film properties [55,56]. Inhomogeneities in QD height,
diameter, volume, and strain that usually appear in ensembles of QDs can also affect the luminescence
efficiency [57]. The emission wavelength of QDs is directly linked to their quantum confinement,
which is also directly affected by their shape and size. Theoretical studies have been carried out on
how the electronic structure of InAs/GaAs QDs of different crystalline shapes and sizes can affect their
optical properties [58,59]. In general, such inhomogeneities have an impact on the optical properties of
QDs by broadening the full width at half maximum (FWHM) of the photoluminescence emission peak.
A theoretical approach on how to control the broadening of FWHM of the photoluminescence emission
peak has shown that intermixing can lead to the reduction of the linewidth of the photoluminescence
peak [58].

Further optimization of the fabrication method is needed, including pre-polymerization of MMA,
which could lead to minimization of QD clustering and better QD dispersion, as well as other parameters
such as the sonication and steering duration, polymerization temperature, and the vacuum applied
for the degassing process. Additionally, fabrication of QD/PMMA films with layers of different QD
concentrations could minimize the reflected radiation and, thus, maximize the radiation contributed
to luminescence.
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