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Abstract: In this work active nanocomposite waveguides based on the dispersion of CdS, CdTe 
and CdSe colloidal quantum dots in PMMA are proposed. Their propagation properties are studied 
as a function of the concentration of nanoparticles in the polymer using the variable length stripe 
method. When the three nanostructures are dispersed in the same film the structure is able to 
waveguide the three basic colors: red (CdSe), green (CdTe) and blue (CdS), being it possible to 
engineer any waveguided color by an appropriate choice of the filling factor of each QD in the 
PMMA matrix. For this purpose it is important to take into account reabsorption effects and the 
Förster energy transfer between the different QDs families. As a final application, white waveguided 
light at the output of the structure is demonstrated. This energy transfer can be also the origin of the 
surprising observation that initial gain (losses) are much higher (smaller) in these active multi-
nanopaticle waveguides than in single-loaded ones. 
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1. Introduction  

Nowadays there is a great concern in the integration of active materials into a silicon-

based technology in order to provide active functions into a photonic device. For this purpose 

the choice of colloidal quantum dots (QDs) seems to be an interesting option as a material able 

to efficiently generate light [1]. These QDs are semiconductor nanoparticles synthesized by 

colloidal chemistry. Then, a three dimensional confinement of the carriers is observed by the 

accurate control of the nanoparticle radius from 1 to 10 nm during the synthesis [2]. As a 

consequence, quantum size confinement is observed with a tunable effective bandgap 

depending on size and base material. For example, spontaneous emission from red to blue has 

been demonstrated using CdSe [3] and CdS [4]. Besides, CdSe was used to demonstrate 

lasing in the red, blue and green using QDs of different sizes [5].  

 In order to integrate colloidal QDs in photonic devices a direct approach is to embed the 

nanostructures into a solid state matrix [6]. This kind of synthetic material, so-called 

nanocomposite, has the advantage of joining the properties of the QDs with those provided by 

the matrix, which can be selected depending on requirements of the device technology. 

Waveguides based on the incorporation of CdSe QDs into the solid state matrix were 

implemented to demonstrate amplification of the spontaneous emission [6]. These kinds of 

matrices exhibit the advantages of an easy preparation, a high refractive index (~2.5) and low 

optical losses. However, their technological processing is restricted, and hence their application 

in integrated optics limited. To overcome this issue the incorporation of colloidal QDs in 

polymers is found to be a more suitable approach [5,7]. Furthermore, polymers are cheap, 

flexible, easily processed into films on several substrates, and can be micro- and nano-

patterned by UV and e-beam lithography [8], respectively. In fact, the incorporation of colloidal 

QDs in polymers can be used for multiple applications: plasmonics [9], OLEDs [10], light 

amplification [11] and sensors [12]. Among others, PMMA and SU-8 resists are appropriate 

materials to fabricate integrated waveguides due to their high transparency above 400 nm and 



relatively high refractive index (~1.5) [13,14]. In Ref. [13] CdSe was incorporated in PMMA 

obtaining the optimal conditions for waveguiding and results were extended to other kind of 

colloidal QDs (CdTe, CdS and PbS) in Ref. 14, where also was shown the emission wavelength 

tuning by changing the base material without modifying the waveguide fabrication conditions. In 

this previous work, ridge waveguides based on SU-8 containing QDs were fabricated by using 

UV photolithography. Therefore, QD-polymer nanocomposites are excellent candidates to be 

the core of active waveguides, not only for amplification purposes, but also for displays [15] and 

sensing [16]. Moreover, two or three different types of QDs can be incorporated in the same 

waveguide to allow the transmission of several wavelengths [13,14]. In this way, the 

waveguided photoluminescence (PL) by the QDs exhibits a broad spectrum, being it possible to 

obtain white light at the output of the structure with an appropriate selection of the QDs and their 

relative concentrations. White light emission has been demonstrated in OLEDs [17], by mixing 

CdSe of different sizes [18], changing the Se:S ratio in CdSeS nanocrystals [19] or using trap 

states in CdS and onion-like core-shell nanocrystals [20]. 

 In the present work waveguides fabricated by the dispersion of CdS, CdSe and CdTe in 

PMMA are studied by using the variable stripe method [21]. This pumping method allows and 

easy coupling of the light and gives information of the gain and losses of each waveguide. First, 

a study of the gain and losses as a function of the concentration of CdSe QDs in PMMA has 

been developed. Then, these results were extrapolated to CdTe and CdS QDs. Finally, the 

three types of QDs are mixed together in PMMA aiming to study the transfer of the light 

between them when PL propagates through the waveguide. As a useful application, we 

demonstrate that is possible to tune any waveguided color by formulating the nanocomposite 

with an appropriate concentration of three primary QD-colors, to achieve particularly white light.   

2. Experimental 

 
2.1. QD synthesis 

CdS, CdTe and CdSe nanocrystals were synthesized by the procedure developed using 

oleic acid as capping agent [22].  Because the QDs have different composition and size they 

show different optical transitions, as revealed by their absorbance and PL spectra (Fig. 1).  

Exciton absorption peaks of CdS, CdTe and CdSe are placed at 447, 537 and 580 nm, 

corresponding to QD radii of 4.5, 1.5 and 2.4 nm, respectively [23]. For wavelengths shorter 

than the exciton peak the absorbance increases and several excited states are observed. For 

longer wavelengths the absorbance decreases and it is virtually zero 100 nm above the exciton 

peak. The PL spectra of the three QD colloids are represented by single Gaussians centered at 

453, 560 and 620 nm. The exciton PL peak is slightly red-shifted with respect to the exciton 

absorption (Stokes-shift), which originates from the QD size distribution and the energy splitting 

of the ground exciton states [24]. The FWHM (full width at half maximum) is 20, 30 and 40 nm 

for CdS, CdTe and CdSe QDs, respectively, which reflects the good monodispersity of the QDs. 

Finally, it is worth saying that CdS QDs exhibit a broad emission band centered at around 640 

nm that is attributed to surface states [25], other than the dominant exciton ground state PL, as 

shown in Fig. 1 (blue dashed line).  

2.2. Waveguide fabrication 

Once the colloidal QDs were synthesized they were mixed with PMMA in order to 

fabricate the nanocomposite. For this purpose both the polymer and the QDs were dissolved in 

toluene to achieve a good dispersion of the QDs in PMMA. We used a 9 wt. % PMMA in 

toluene. The concentration of nanoparticles in the polymer was chosen according to the results 

published in Ref. 13, where filling factors (ff) varying between 10
-3

 and 10
-4

 optimized the PL 

waveguiding. Then, planar waveguides were fabricated by spin coating the QD-PMMA solution 

on a SiO2/Si substrate (2 µm SiO2). The resulting film had a thickness of about 1 µm after two 



bakes at 80 ºC and 150 ºC for two minutes each. Finally, the edges of the samples were 

cleaved for end fire coupling purposes.  

 

Fig. 1. Absorbance (left axis) and PL (right axis) of the colloidal CdS (blue), CdTe (green) and CdSe (red) used in this 

work. 

 

2.3. Optical characterization 

Absorption spectra of colloidal solutions were measured by using a Shimadzu UV-

2501PC spectrophotometer. PL experiments were carried out by pumping the colloidal solution 

dropped on a glass slide by pumping with a 405 nm GaN laser and collecting the back-scattered 

PL signal with a microscope objective to an optical fiber connected to a StellarNet EPP2000 

spectrograph. 

 

  

Fig. 2. Experimental set-up.  

 
PL-waveguiding in the structures was characterized by focusing the spot of the 405 nm 

laser in a stripe line on the top of the sample by using the experimental set-up shown in Fig. 2. 

The power was fixed to 20 W/cm
2
. In these conditions the QDs are excited and their PL is 

coupled to the waveguide and can be collected with a microscope objective focusing the light to 

a CCD camera or a fiber optics connected to a StellarNet EPP2000 spectrograph. The 

propagation of PL signal in waveguide follows the equation [21]: 
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where Iv is the intensity of the light, ISS the intensity of the spontaneous emisison, g the gain and 

α the losses. Then, gain of the structure can be estimated by measuring the emission by the 

variable stripe length (VSL) method [21]. In order to avoid the influence of the Gaussian of the 

laser a slit after the spot line was placed and kept the central 1.4 mm of the line.  In these 

conditions the gain of the structure can be calculated as: 
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  In the same way the attenuation of the waveguide can be characterized by keeping the 

length of the stripe constant and moving it away from the edge of the sample. Then, 

propagation losses can be fitted by approximating the dependence of the output intensity as a 

function of the distance between the stripe and the edge of the sample (x) with an exponential 

decrease: 

 

                                                                                  (3) 

 

3 Results and discussion 

 

3.1 CdSe-PMMA waveguides 

 
CdSe-PMMA waveguides were fabricated according to our previous work, using optimal 

QD filling factors (ff) for PL waveguiding between 10
-4

 and 10
-3

 [13]. In the present work, four 

different CdSe-PMMA samples were fabricated in order to investigate the influence of this factor 

in the gain and the losses of the films. Table I summarizes the samples studied in this section. 

The filling factor is calculated from the relative weight of PMMA and QDs in the final layer and 

the densities of each material. By using this parameter and the complex refractive indices of 

PMMA (nPMMA) and CdSe (nQD), the effective complex refractive index (neff) of the layer can be 

estimated using the Bruggeman's approximation: 
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The dispersion curves of the PMMA and the real part of the CdSe were obtained from 

Nanocalc libraries. The imaginary part of the nanostructures was considered proportional to the 

absorbance curve depicted in figure 1 normalized to the absorption coefficient of the bulk CdSe 

at 350 nm. Table I summarizes the real part (neff') and imaginary part (neff'') of the layers for each 

studied concentration at λ= 580 nm, where the exciton absorption peak is observed. Last 

column of the table indicates the absorption coefficient of the nancomposite at this wavelength 

using the relation  
          

 
 . 

On the other hand, the absorption cross section of a single QD inside the polymer matrix is 

related to the absorption coefficient by [26]: 
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where β is the polarizability of the QDs that is related to the radius of the QD (a) by: 
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In this way, the absorption coefficient of the nanocomposite can be estimated by 

multiplying the absorption cross section (equations (6)-(7)) with the number of nanoparticles per 

unit volume, which can be calculated as a function of ff, as shown in Fig. 3 (red continuous line). 

The absorption coefficients found using this estimate in the four samples are very close to the 

ones calculated with the Bruggeman's approach, as listed in table I and shown in Fig. 3 (solid 

circles). As it is shown in Fig.1, absorption strongly increases for wavelengths shorter than that 

corresponding to the QD effective bandgap. Then, the waveguide suffers from high attenuation 

losses at wavelengths close to the UV, but it can propagate the light for wavelengths above 600 

nm [13]. For example, a light beam at 405 nm was attenuated more than 30 orders of 

magnitude by end fire coupling in a waveguide of 5 mm length and ff = 10
-3

 [13]. On the 

contrary, it is possible to excite the QDs at this wavelength from the top surface by focusing into 

a stripe line as described in section 2. The PL generated by pumped QDs can propagate 

through the waveguide, even if the overlap between absorption and emission curves (see Fig.1) 

will limit the propagation of the waveguided PL. As long as the filling factor is increased the PL 

band becomes asymmetric due to that partial self-absorption of the PL by the QDs, as shown in 

the inset of Fig. 3, which is more important for higher filling factors. 

 
TABLE I 

Effective complex refractive index components and absorption coefficient as a function of ff in PMMA-CdSe samples 

Sample ff neff' neff'' 

(cm-1) 

A 8.8 10-3 1.49893 10-3 210 

B 4.4 10-3 1.49445 6 10-4 126 

C 1.7 10-3 1.49172 2 10-4 42 

D 4.5 10-4 1.49045 6 10-5 13 

 

 

Fig. 3 Absorbance as a function of the filling factor. The inset shows the waveguided PL spectra for the concentrations 

listed in table I. 

 Figure 4a shows the dependence of the PL intensity as a function of the length of the 

stripe for samples listed in table I (black solid circles). The signal increases significantly with the 

length of the stripe and reaches saturation for lengths between 300 and 900 µm, depending on 

the concentration. This behavior can be fitted considering a gain saturation function in equation 

(1) with the form: 
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where d is the stripe length, g0 and L fitting parameters related to an initial gain and a 

propagation attenuation length characteristic of the gain saturation, most probably originated by 

Auger non-radiative recombination in the QDs [3,9,27]. This saturation is applied in this work by 

introducing equation (8) in (1) and solving the differential equation by a Runge-Kutta algorithm. 

The result of the simulation is depicted in Fig. 4a (red continuous lines). Clearly the model can 

fit accurately the data by using appropriate values for g0 and L. In all cases L can be ranged 

between 200 and 250 µm to get the best fittings. The value of g0 obtained from the best fits 

tends to increase with ff due to the growing amount of QDs, as observed in Fig. 4a. For low 

concentrations (ff~4.5·10
-4

) g0 reaches a value of 30±20 cm
-1

 and increases up to 55±10 cm
-1

. 

The increment in g0 results in the increase in the slope of the waveguided PL intensity curve, as 

observed in Fig. 4a. On the other hand, more absorption losses are also expected by increasing 

ff due to the overlap between absorption and emission bands of QDs in PMMA, as observed in 

Fig. 4b (black solid circles. These experimental losses, fitted with the exponential decay given 

by equation (3), increase from 26 to 61 cm
-1

 for samples D to A (red continuous lines in Fig. 4b). 

For low ff values the loss coefficient is close to the absorption coefficient estimated in the 

nanocomposite (data symbols and continuous curve in figure 3), but this is not the case for high 

ff values, probably due to an overestimation of the concentration. In all cases losses are very 

similar to values deduced for g0 , in consequence, there is no net gain in the waveguides and 

amplification will be not possible. Indeed, it is worth saying that all samples show a linear 

dependence with pumping power with no variation in the spectrum lineshape [13]. 

 

Fig. 4 (a) PL intensity as a function of the stripe excitation length for four different filling factors of CdSe in PMMA. (b) PL 

intensity as a function of the distance between the stripe and the edge of the sample for the same samples. The values 

of g0 and α estimated and indicated in the figures. 

 
3.2 CdTe-PMMA and CdS-PMMA waveguides 

 

Waveguides based on CdS and CdTe QDs in PMMA were fabricated and characterized 

using the same procedure explained in the last section. In this case low ff have been used in 

order to minimize self-absorption of the QDs. Table II lists the samples and the complex 

refractive indices calculated with the Bruggeman's method. The absorption coefficient at the 

excition peaks (450 and 540 nm for CdS and CdTe QDs, respectively) were 2 and 14 cm
-1

 for 

samples E and F, respectively. Again these values are close to the ones obtained using 

equations (6)-(7). 

Figure 5 shows PL spectra (blue and green continuous curves for CdS and CdTe 

samples, respectively) (a) and characterization of gain (b) and losses (c) by the VSL method 

(blue and green solid circles for CdS and CdTe samples, respectively). The PL peak in the CdS-

PMMA waveguides is centered at 450 nm and its linewidht about 15 nm, even if a broad and 

weak PL band is measured at 640 nm that is attributed to carrier recombination through surface 



states. The PL emission band in the CdTe-PMMA waveguides is centered at 540 nm and has a 

linewidht of 35 nm. The simulation using the model explained in section 3 (blue and green 

continuous lines) reproduces quite well the experimental results (data symbols). Again, the 

Auger attenuation length L found to obtain the best fits is in the range of 200-250 µm. For these 

values of L, the best fitting curves were obtained with g0 equal to 55±15 and 63±8 cm
-1

 in 

samples E (CdS-PMMA) and F (CdTe-PMMA), respectively. Regarding losses, the best fitting 

curves yield  = 4 and 20 cm
-1

 for CdS and CdTe QDs, respectively, as shown in Fig. 5c (blue 

and green straight lines), which are very close to the ones listed in table I. Such a reduced 

absorption loss in the case of the CdS-PMMA waveguide with respect to the case of CdTe- and 

CdSe-PMMA waveguides with similar concentrations can be explained by the fact that the size 

of CdS QDs in the polymer is practically double to that of CdSe QDs, and hence a similar 

difference in the quantity of QDs in the nanocomposite is expected. Finally, we strength that net 

gain is obtained for a pumping stripe beam shorter than the Auger attenuation length in CdS- 

and CdTe-PMMA waveguides. Finally, it is interesting to note that net gain can be obtained in 

the CdTe-PMMA waveguide when the length of the pumping stripe beam is shorter than the 

Auger attenuation length. Indeed, the first 300 nm of the curve can be fitted through equation (2) 

using a net gain of around 10  cm
-1 

 (see dashed line on Fig. 5b). 

 

TABLE II 
Effective complex refractive index components and absorption coefficient for two low ff samples made of PMMA-CdS 

and PMMA-CdTe 

Sample QD ff neff' neff'' α 

(cm-1) 

E CdS (450 nm) 10-4 1.4991 8 10-6 2 

F CdTe (540 nm) 4 10-4 1.4925 1.7 10-4 14 

 

 

Fig. 5 (a) Waveguided PL spectra in CdS-PMMA (blue curve) and CdTe-PMMA (green curve) waveguides; (b) PL 

intensity as a function of the stripe excitation length; (c) PL intensity as a function of the distance between the stripe and 

the edge of the sample. Green and blue colors refers to CdTe-PMMA and CdS-PMMA waveguides, respectively. Green 

dotted line stands for a fit to equation (2) without a gain saturation function. The values of the best fitting parameters g0 

and α are indicated in the figures.  

 

3.3. Multicolor waveguiding 

If more than one type of QDs is dispersed in the same polymer, the resulting film shows 

a broad waveguided PL spectrum, as a convolution of the different QD optical transitions [13-



14]. In this way, the light at the output of the integrated optic structure can be engineered by 

controlling the concentration of each type of nanoparticles embedded in the polymer. Figure 6a 

shows the waveguided PL spectra measured in samples G, H and I. In these samples the ff of 

CdS and CdTe QDs in PMMA was fixed to 1.2·10
-3

 and 3·10
-4

, respectively, whereas the 

concentration of CdSe QDs was varied: ff = 1.8·10
-4

 (sample G), ff = 9·10
-4

 (sample H), and ff = 

1.8·10
-5

 (sample I). We observe that the relative intensities between the different components 

changes among the three samples. As expected, the PL band associated to CdSe QDs (PL 

peak at 580-600 nm) becomes more important as long as its concentration is increased into the 

film. However, the ratio between the PL components associated to CdTe (450 nm) and CdS 

(540 nm) QDs unexpectedly decreases with the presence of CdSe, which can be attributed to 

partial light absorption by some of the QD ensembles of light emitted by the others, as will be 

explained below. As a consequence, the color of the waveguided PL in the multiple-QD 

nanocomposite changes from red to yellow from sample G to I, respectively. The top panels of 

Fig. 6a show the CCD photographs of the PL at the end of G, H and I waveguides. Therefore, 

the waveguided color can be tuned by an appropriate combination (ff of the QDs) of the three 

different ensembles of QDs, and hence white light at the output of the structure can be also 

engineered. White light emission has already been demonstrated in OLEDs incorporating 

colloidal QDs [28] or dyes [29], which will be important to define future low consuming displays. 

The definition of the white light at the exit of the waveguide will be achieved by obtaining a 

similar integrated intensity for the pure red, green and blue components [30]. By extrapolating 

this condition to our multiple-QD (CdS, CdTe and CdSe) nanocomposite and taking into account 

results in Fig. 6a for samples G-I, waveguided white light can be achieved, as shown in figure 

6b for sample J. The waveguided PL spectrum is clearly composed by the same three PL 

components centered at 450 nm (CdS), 530 nm (CdTe) and 590 nm (CdS). On the top panel of 

figure 6b a CCD photograph shows the waveguided white color as a result of the three PL band 

convolutions. 

As demonstrated in Fig. 6a, the waveguided PL spectrum obtained by the combination 

of several QD families is influenced not only by the emission of the individual QD ensembles 

(without interaction), but also by the partial light absorption by some of the QD ensembles 

(CdTe and CdSe, characterized by optical transitions at longer wavelengths) of light emitted by 

others (CdS and CdTe, characterized by optical transitions at shorter wavelengths). This effect 

is originated by the overlap between the absorption and PL emission curves as shown in Fig. 1. 

Then, the CdSe QD ensemble is the only one that gain intensity from both CdS and CdTe QDs, 

whereas the CdS QD ensemble is the only one that loses emitted photons towards CdTe and 

CdSe QDs; at the middle, the CdTe QD ensemble gains photons from CdS QDs and loses 

towards CdSe QDs. This partial absorption effect of emitted light propagating in the waveguide 

can be calculated using the absorption cross sections (σ) and the number of QDs per unit 

volume N) of each material: 

                                                                (10) 

 

Given the low value of ff used in samples G-J (see Table III), the real part of the refractive 

index can be approximated to that of PMMA. Table III summarizes the absorption coefficients 

calculated at the wavelengths of 450 (CdS QDs), 540 (CdTe QDs) and 580 (CdSe QDs) nm. 

According to these calculations it is expected that the CdS band will be strongly attenuated 

through the sample. However, when VSL characterization was carried out in this set of samples 

the three bands showed similar losses of about 10 cm
-1 

for all PL compoments (by filtering the 

whole emission band), as shown in Fig. 7a. Moreover, CdSe and CdTe PL components had a 

similar dependence with the length of the stripe (red and green data symbols in Fig. 7b), 

whereas the CdS PL component exhibited a higher gain behavior (blue data symbols in Fig. 7b) 



indicating that another mechanism of photon redistribution among the different QD families 

could be present.  

TABLE III 
Filling factor and absorption coefficient at the characteristic peak exciton wavelength in several multi-QD CdS-CdTe-

CdSe/PMMA samples 

Sample CdS ff CdTe ff CdSe ff α (cm-1) 

450 nm 540 nm 580 nm 

G 1.2 10-3  3 10-4  1 8·10-4  52 34 5 

H 1.2 10-3  3 10-4  9 10-5  45 32 2 

I 1.2 10-3  3 10-4  1.8 10-5  40 31 1 

J 2.4 10-3  3 10-4  1.8 10-5  40 31 1 

 

 

Fig. 6 (a) Waveguided PL spectra in samples G, H and I. (b) Waveguided PL spectra in sample J. Top panels show a 

photographs of the waveguided PL.  

The waveguided PL components associated to CdSe and CdTe QD families exhibits a 
similar intensity growth with values of g0 around 120 cm

-1
 (red and green continuous lines in 

figure 7b are the best fitting curves) may be due to the additional photon transfer by absorption 
of emitted light by CdS QDs in sample J. In fact, the best fit (blue continuous line in Fig. 7b) to 
the experimental intensity growth measured for CdS QDs is obtained for g0 and L within the 
intervals 150 - 380 cm

-1
 and 70 - 100 µm, respectively. These values for L are smaller than 

those obtained above in nanocomposites formed by a single QD family (where L was found 
between 200 and 250 µm) and indicate a faster saturation in the multi-QD structure (see dotted 
line in figure 7b that has been calculated with L = 200 µm for a better comparison). Therefore, 
results obtained by the VSL method suggest the presence of an extra mechanism responsible 
of photon redistribution among the different QD ensembles. As noted above in the case of 
single QD loaded CdTe-PMMA samples, the fast slope of the waveguided PL for the CdS-QD 
component is smaller than the Auger attenuation length and hence net gain could be possible 
within the first 300 µm of the stripe excitation length. Indeed this first zone of the curve (blue 
symbols in Fig. 7(b)) can be fitted through equation (2) using a net gain of about 5 cm

-1
. 

Sample H

Sample I

400 450 500 550 600 650 700 750

a)

ff=1.6·10
-5

ff=8·10
-5

ff=1.6·10
-4

ff=8·10
-4

ff=1.2·10
-4

Sample I

Sample H

Sample G

CdSe CdTe CdS 

 

 

P
L

 i
n

te
n

si
ty

 (
ar

b
. 

u
n

it
s)

Wavelengh (nm)

Sample G

Substrate Substrate Substrate

Air Air Air

CdS waveguide CdTe waveguide CdSe waveguide

Substrate

Air

white waveguide

400 450 500 550 600 650 700

CdSe familyCdTe family

CdS family

 

 

P
L

 c
o
u

n
ts

 (
ar

b
. 

u
n

it
s)

Wavelength (nm)

b)



A possibility to explain that extra mechanism can be found in the analogy to a system 

constituted by different fluorophores where Förster resonant energy transfer occurs [31]. This 

process consists in the non-radiative transfer of the excitation energy from a donor (absorbing 

fluorophor) to an acceptor (emitting fluorophor) due to a dipole-dipole interaction, which can be 

activated if the overlap between the acceptor absorption and the donor fluorescence spectra is 

appreciable and the maximum interdistance of species is around 50 Å [32-33]. The first 

condition is fulfilled in our multiple-QD nanocomposite, as was explained above. Concerning the 

distances between nanoparticles, the number of QDs per µm
3
 of each family can be estimated 

dividing the ff by the volume of the nanostructures (considered spheres of radius a): 

     
     

 

 
   

                                                                        (11) 

 

 

Fig. 7 (a) PL intensity as a function of the stripe excitation in sample J. (b) PL intensity as a function of the distance 

between the line and the edge of the sample. Blue, green and red colors refer to CdS, CdTe and CdSe families.  

 

The number of QDs in G-J samples results in the order of 3-6·10
3
,10

4
 and 3 – 30·10

2
 for 

CdS, CdTe and CdSe depending on the sample. If one assumes that the nanoparticles are 

homogeneously distributed over the volume of the film the number of them along one direction 

would be the third root of those values. This number can be of the order of 15, 28 and 7 for 

CdS, CdTe and CdSe, respectively, in total about 50 nanoparticles/µm, which means an 

average interdistance ≈ 20 nm, by considering the minimum QD concentrations (14 nm in the 

case of the maximum values). These distances are too high to justify the Förster energy transfer 

mechanism. However, a perfect homogeneous and random distribution in QD-polymer 

nanocomposites is far from the real situation, where nanoparticle aggregation normally takes 

place. In fact, this is the mechanism explaining electroluminescence in QD-polymer 

nanocomposites via field-driven ionization [34]. That aggrupation of several nanoparticles can 

lead to QD interdistances as low as 1 nm (the size of the ligand) and hence allowing the Förster 

energy transfer mechanism inside the aggregates. Furthermore, the highest efficiency of that 

energy transfer mechanism is expected between CdS and CdTe QDs, given the larger overlap 

between their absorption (CdS) and PL (CdTe) spectra and their highest concentration.  

In summary, when the waveguide is pumped at 405 nm emitted photons by CdS QDs 

can be partially reabsorbed by CdTe and CdSe QDs, other than the Förster energy transfer, 

explaining higher g0 values than using nanocomposites with a single QD ensemble. Concerning 

the losses shown in Fig. 7b, the fact that the three families show similar values indicates that in 

these samples where the concentration of nanoparticles is not too big, the attenuation is 

dominated by scattering in the polymer or the diffraction of the light in the stripe [35]. In addition, 

if aggregation of several QDs takes place this will reduce the average homogeneous distribution 

of QDs from numbers estimated above and hence leading to smaller absorption coefficient 
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values. This can be also the reason of the observed deviation between losses deduced in 

samples A-D by the VSL method (Fig. 4b) and absorption coefficient (Fig. 3) noted above when 

increasing the content of CdSe QDs.  

 

4. Conclusions 

 
In this work the propagation of emitted photons by CdS, CdTe and CdSe QDs has been studied 

using the VSL method to pump active waveguides made of PMMA doped with them, separately. 

A simple model has been used to explain the saturation of the gain through an Auger 

attenuation length. In the second part of the paper several waveguides containing the three 

different QDs dispersed in PMMA were fabricated and studied by spectroscopy and by the VSL 

method. From one side, the appropriate relative content of the three sets of QDs can be 

adjusted to obtain a given color at the exit of the waveguide, particularly demonstrated to get 

white light. On the other side, re-absorption and photon redistribution among QDs (by Förster 

energy transfer) effects should be taken into account for that relative content adjusts. Finally, 

Förster energy transfer can be also the reason that higher initial gain and smaller losses are 

deduced in these multi-QD waveguides as compared to the case of single-QD ones. This 

photon engineering can be translated to other applications as QD-LEDs and QD-displays, 

among the most important ones. 
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