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ABSTRACT 

We review our research work on the development of photonic devices and systems embedded with nanocyrstals for new 
functionality within EU Phoremost Network of Excellence on nanophotonics. Here we report on CdSe/ZnS nanocrystal-
based hybrid optoelectronic devices and systems used for scintillation to enhance optical detection and imaging in the 
ultraviolet range and for optical modulation via electric field dependent optical absorption and photoluminescence in the 
visible. In our collaboration with DYO, we also present photocatalytic TiO2 nanoparticles incorporated in solgel matrix 
that are optically activated in the ultraviolet for the purpose of self-cleaning.  
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1. INTRODUCTION 
In the last two decades, nanocrystals have attracted increasing level of attention among nanophotonics community, in 
particular, as a result of the quantum confinement effect that is evident in their optical absorption and emission even at 
room temperature. For example, the quantum confinement of electrons and holes in all three dimensions in nanocrystals 
leads to an increase in the effective band gap of the semiconductor as the crystallite size shrinks and thus makes it 
possible to tune the absorption band edge and emission peak wavelength. This size effect thus offers the opportunity to 
engineer the band gap by only changing the size of the clusters in the nanocrystalline material, which is not possible in 
their bulk counterparts. In addition to electronic and optical properties, other properties such as the photocatalytic 
efficiency improve when the size gets smaller. Also, the high photoluminescence efficiency and the narrow emission 
peak of the nanocrystals make them interesting for different optoelectronic applications. Therefore, different 
nanocrystals provide a variety of functional uses in photonic devices, which are either difficult or impossible using bulk 
materials. This motivates the development of nanocrystal embedded photonic devices and systems. 

In our research group at Bilkent University Nanotechnology Research Center and within our EU FP7 Phoremost 
Network of Excellence on nanophotonics, we work on the development of new nanocrystal-embedded photonic devices 
and systems such as scintillators, modulators, and photocatalytic surfaces. We demonstrate improved responsivity for 
silicon photodetector by integrating CdSe/ZnS core-shell nanocrystals in the UV spectral range. We observe that 
uniform-size CdSe nanocrystals exhibit highly electric-field dependent optical absorption, which makes it feasible to use 
this nano material for a quantum electroabsorption modulator. Also, in collaboration with Gulsen Celiker and Dilek 
Yucel at DYO, a local company in Turkey, we demonstrate photocatalytic process of TiO2 nanoparticles in a host solgel 
matrix that is optically activated in the UV range; we present their optical activation curves as a function of activation 
wavelength. 

2. CADMIUM SELENIDE NANOCRYSTALS 
The nanocrystals that have radii smaller than or comparable to the bulk exciton Bohr radius of the material exhibit 
discrete, atomic like energy level, as a result of the quantum confinement. This makes it possible to observe exciton 
peaks at the optical absorption and ultra-narrow optical emission curves at room temperature. For instance, the 
luminescence quantum efficiency of CdSe/ZnS core-shell nanocrystals at room temperature may be as high as 50% in 
the visible spectral range, and the absorption coefficient of those nanocrystals can be as high as ten thousands of cm-1 in 
the ultraviolet range [1-6].  
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We work on the development of the scintillator that utilizes these CdSe/ZnS nanocrystals both because of their high 
luminescence quantum efficiency in the visible and high optical absorption in the ultraviolet (UV) to facilitate UV 
imaging and UV photodetection on a silicon platform.  

The scintillator works based on the following principle of operation. The incident ultraviolet light creates electron-hole 
pairs with high efficiency because of the high absorption coefficient in this region of the electromagnetic spectrum, and 
their subsequent recombination leads to emission in the visible range, in which silicon photodetectors and charge-
coupled device (CCD) cameras are significantly more efficient than in the ultraviolet. Also, since the emission 
wavelength of the nanocrystals can be tuned over a wide range in the spectrum by using nanocrystals at different sizes, 
the emission wavelength of the scintillator can be adjusted to optimize the performance. Using nanocrystals with 
emission wavelength close to the responsivity peak of the detector and the camera, higher efficiency is achieved. For 
further improvement in the device performance, the emission and absorption spectra of the nanocrystals must be 
separated from each other to prevent the reabsorption of the emitted photons.  

Figure 1 shows the absorption and photoluminescence spectra of CdSe/ZnS nanocrystals that we use in our scintillator 
with excitation wavelength at 325 nm and emission wavelength at 620 nm. 
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Figure 1: The emission and absorption spectra of our CdSe/ZnS core-shell nanocrystals. 

 

In the first set of experiments, we use nanocrystal films on quartz substrate integrated with the detector. We use 
CdSe/ZnS nanocrystals hosted in a polymer matrix. In operation, the incident light first hits the nanocrystal film, and 
subsequently the light emitted by the nanocrystals is collected by the detector underneath.  
 
The excitation spectrum of the nanocrystal films is very important because it defines the efficiency of the scintillator as a 
function of the incident wavelength. Figure 3 shows the ratio of the emitted power to the incident power for different 
excitation wavelengths.  

Here the optical characteristics of the host polymer play a critical role. The host polymer should exhibit low optical 
absorption in the ultraviolet spectral range of interest. Otherwise, the polymer matrix decreases the efficiency of the 
scintillator.  

Figure 3 shows the enhancement of the power detected by the silicon detector in the ultraviolet range (between 200 nm 
and 320 nm) using CdSe/ZnS core -shell nanocrystals up to 800% with respect to the host polymer. This proof-of-
concept experiment shows us that nanocrystal based scintillators hold great promise.  
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There is room for further improvement of the responsivity by using a host material with less optical absorption, higher 
nanocrystal concentration, optimal film thickness and nanocrystals with optimal emission wavelength. 
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Figure 2: The excitation spectrum of 1.7 µm thick film of our CdSe/ZnS core-shell nanocrystals in a 
polymer matrix on quartz substrate. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Enhancement of the power detected by the silicon detector in the ultraviolet with respect to the 
host polymer. 
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In the second set of experiments, we integrate our nanocrystals directly on the silicon photodetector. We use the same 
materials as in the first experiments. We achieve the responsivity enhancements of the hybrid detection system as high as 
1000% times in the ultraviolet range. This scintillator approach holds promise for enhanced UV imaging. 

 

We also work on the development of CdSe nanocrystals based electro-optical modulators. One way of implementing a 
modulator using nano material is through electroabsorption. Due to the quantum confined stark effect, when electric field 
is applied, the absorption coefficient of the nanocrystals changes. If the nanocrystal size distribution is uniform, large 
changes in the absorption coefficient can be achieved. For example, Figure 4 displays the optical absorption change of 
close-packed CdSe nanocrystals as a function of the applied electric field derived from our Phoremost research partners 
in the work of Artemyev et al. [2]. The large dependence of the absorption coefficient on the electric field means that 
CdSe nanocrystals can be used for device application as an electroabsorption modulator.   
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Figure 4: Change in the absorption coefficient of close-packed CdSe nanocrystals as a function of the 
electric field. 

 

Another type of modulator that is possible using CdSe nanocrystals as the active material is a luminescence modulator. 
The photoluminescence efficiency of nanocrystals decreases under the influence of electric field. This has two basic 
reasons: the electric field causes electron-hole separation, and field-induced tunneling out of the quantum dot is expected 
under high electric field. Also, as a result of the electric field, the electron and the hole are attracted to the opposite sides 
of the material, which reduces the band gap, causing a red shift in the photoluminescence. Even though the red-shift is 
difficult to be used for modulating purposes, the reduction in the photoluminescence by removing the photogenerated 
carriers before they recombine is a potential way of modulating the optical signal by changing the electrical signal. 
Figure 5 shows the reduction of the photoluminescence of a film of CdSe nanocrystals with the effect of different 
potentials. Here the nanocrystals have a broad size distribution and the film is not thin enough; thus the 
photoluminescence change per unit field change is small under these non-optimal conditions.   
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Figure 5: The change in photoluminescence of a film of CdSe nanocrystals as a function of applied bias. 

 

3. TITANIUM DIOXIDE NANOPARTICLES 
Another class of nanoparticles that have many different potential uses is the titanium dioxide nanoparticles. These 
nanoparticles exhibit photocatalytic behavior and can be integrated in devices and on surfaces for different self-cleaning 
applications such as environmental bio-decontamination for a large variety of organics, viruses, bacteria, fungi and 
cancer cells, chemical and biological purification of water, and prevention of air pollution by reducing NOx and COx 
levels in air [7-13]. In these applications, the efficiency of the optical activation is critical because the decontamination 
process may require very long time or may be even impossible if the correct conditions are not satisfied, depending on 
the size and characteristics of the medium.  

The performance of these photocatalytic nanoparticles depends on the process of optical absorption of photons and 
subsequent photogeneration of electron and hole pairs, which exhibit dissimilar parity in the respective conduction and 
valance bands. This causes low recombination rates, which is the key for superior photocatalytic characteristics. The 
long-lived photogenerated electron-hole pairs diffuse to the nanoparticle surface and initiate a chain of reactions to 
produce reactive oxygen species and hydroxyl radical that are powerful indiscriminate oxidizing agents. To initiate this 
process, the wavelength of the incident photon should be smaller than or equal to 385 nm as the band-gap of titanium 
dioxide nanoparticles is 3.2 eV (for anatase type).  

To achieve high level of decontamination, it is necessary to optically activate the titanium dioxide nanoparticles 
efficiently. For this purpose, we study the behavior of their optical activation and understand its evolution in time. The 
behavior depends on a number of parameters including the size of the nanoparticles, the activation wavelength, and the 
number of photons used per area during the activation process.  

In this work to understand the influence of these parameters, we optically investigate TiO2 nanoparticles of 6 nm and 21 
nm sizes embedded in solgel films in the spectral range from 290 nm to 390 nm. Here for the first time we introduce the 
optical efficiency curves and the behavior of their optical activation in time as a function of activation wavelength and 
nanoparticle size in the near ultraviolet range.  
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Figure 6 shows pictures of our sample that includes 6 nm, anatase-type TiO2 nanoparticles, embedded in a 10 µm thick 
acrylic solgel film and contaminated with methylene blue solution. Figure 6 exhibits the self-cleaning effect within the 
spot size of the activating ultraviolet illumination at the center of the sample, in contrast to the non-activated region 
around the spot. We observe that the contaminated region is optically recovered back further towards its original as a 
result of the photocatalytic effect.  

 

   
 

Figure 6: Sample photographs of 6 nm TiO2 nanoparticles in 10 µm thick acrylic solgel film (a) before 
contamination, (b) after contamination with no UV activation, and (c) after contamination with UV activation. 
There is color change across the UV beam spot as a result of the photocatalytic process. 

 

We investigate the efficiency of the photocatalytic process quantitatively. We conduct the first set of the experiments to 
study the effect of the nanoparticle size on the photocatalytic process. Figure 7 shows the optical transmission spectra of 
21 nm TiO2 samples before and after the methylene blue contamination in the visible range from 400 nm to 700 nm, 
along with the time evolution of the transmission spectra under UV activation with the optical power of 200 µW at 330 
nm after 6 and 16 hours. Here the methylene blue contamination shifts the optical transmission curve to lower values 
significantly in the visible range. We observe that the optical transmission of the contaminated sample returns towards its 
initial values significantly back after the first 6 hours of photoexcitation process, but changes only slightly between the 6 
hours of photoexcitation and 16 hours of photoexcitation. This is an indication of saturation of the photocatalytic 
process.  

On the other hand, Figure 8 displays the optical transmission spectra of 6 nm TiO2 samples in the same spectral range at 
the same time intervals under the same UV radiation conditions. In this experiment, we observe that the decontamination 
process of the 6 nm nanoparticles does not saturate after 6 hours of activation, unlike the 21 nm sample, but continues 
further to higher recovery levels. This is clearly evident in the optical transmission spectrum measured after 16 hours of 
photoexcitation in Figure 8. As we further continue the photoactivation, we obtain more than 90% photocatalytic 
recovery of the contamination after the first set of optical activation and even better after multiple sets of activation. 
 
This critical influence of size on the optical activity of photocatalytic process is due to the increased surface-to-volume 
ratio as the size gets smaller. This means that we can improve the effectiveness of TiO2 nanoparticles further by using 
smaller nanoparticles. 
  
The photocatalytic processes require photogenerated electron-hole pairs. Therefore, we compare the efficiencies of 
photocatalytic processes under different conditions as a function of the number of photons per unit area. For quantitative 
comparison, we calculate the optical efficiency from the optical transmission of the samples before and after 
contamination, and after decontamination with different activation wavelengths, durations, and different solutions for 
contamination.  

Figure 9 shows the optical efficiency in the initial phase of 6 nm nanoparticles as a function of the activation wavelength 
as a fixed number of photons per unit area. Here we calculate the optical efficiency curve by normalizing the area 
integrated between the optical transmission of the activated sample and the optical transmission of the contaminated 
sample in the visible range between 400 nm and 700 nm with respect to the area between the optical transmissions of the 
original and contaminated samples. 
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Figure 7: Optical transmission of the solgel film that incorporates 21 nm size TiO2 nanoparticles before and after 
the contamination with UV activation of 0-16 hours. 
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Figure 8: Optical transmission of the solgel film that incorporates 6 nm size TiO2 nanoparticles before and after 
the contamination with UV activation of 0-16 hours. 
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Figure 9: Optical efficiency curve of 6 nm nanoparticles for different activation wavelengths for activation with 
10^23 photons / m^2. 
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Figure 10: Optical efficiency curve of 6 nm nanoparticles optically activated at 330 nm in the late phase of the 
decontamination process. 
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Figure 10 shows the optical efficiency of 6 nm nanoparticles activated at 330 nm at the late phase of the photocatalytic 
process as a function of number of activation photons per unit area. This characterization shows that more than 90 % 
decontamination can be achieved if suitable nanoparticles and suitable activation wavelengths are selected. Using 
multiple sets of activation, even higher levels of decontamination can be obtained.   

In this work on titanium dioxide nanoparticles, we characterize the optical activation curves of 6 nm and 21 nm TiO2 
nanoparticles embedded in solgel under different activation conditions. We quantitatively compare the activation 
efficiencies for different wavelengths and numbers of photons. We prove that smaller nanoparticles have significantly 
higher optical efficiencies than the larger ones under identical activation conditions.  
 

4. CONCLUSIONS 
We work on different applications of nanoparticles in optoelectronic and optical devices within our EU FP7 Phoremost 
Network of Excellence on nanophotonics. One type of these nanoparticles is CdSe/ZnS core-shell nanocrystals. These 
nanocrystals can be functionally used as scintillators and modulators with the proper selection of material and proper 
design. We show that the nanocrystal based scintillators improve the UV detection significantly on a silicon platform. 
Also, thanks to the quantum confined stark effect, we can use the strong dependence of absorption and emission 
characteristics of nanocrystals in electro-optical modulators.  

We also work on the applications of titanium dioxide nanoparticles for photocatalytic processes in collaboration with 
DYO. For the first time we obtain optical efficiency curves of these nanoparticles during the decontamination process. 
Using these efficiency curves, we show that smaller titaniumdioxide nanoparticles are better self-cleaners.          
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