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Investigating photo-induced charge transfer between semiconductor 

nanocrystals and polymers for photovoltaic applications 

1. Introduction 

Photo-induced charge transfer processes play an important role in many physical, 

chemical and biological systems. Photosynthesis, the finest piece of molecular machinery that 

nature has ever been created, utilizes photo-induced energy transfer and electron transfer 

processes for harvesting solar energy. Understanding the basic processes involved in photo-

induced electron transfer is very important since it plays a vital role in many branches of 

science, especially in the area of photovoltaics. Our increasing energy demands can only be 

met with the improvement of the energy conversion devices like solar cells. But, a major 

problem associated with the conventional silicon, organic dye, quantum dot based solar cells 

is the poor energy conversion efficiency. For a device to perform well in solar energy 

conversion, we require sufficient charge generation, transfer and an effective collection.  

Semiconductor nanocrystals form an important class of low dimensional structures 

exhibiting size, shape and composition-dependent physical as well as chemical properties. 

Over the past few decades, synthesis of semiconductor nanocrystals has been pursued all over 

the world both for fundamental understanding of the nanoscale objects and also for 

technological applications. It is known that, in comparison with bulk counterparts, 

nanocrystals have a diverse and growing range of parameters that include size, shape and 

composition modulating their electronic band gaps, due to quantum confinement effects. 

Their unique features also include broad absorption spectra as well as narrow emission 

spectra [1].  

Research emphasis in the area of nanostructures based solar cells has been aimed at 

utilizing the unique properties of nanostructures for tuning the photo-response of solar cells 



targeting specific regions of the solar spectrum. Among the viable alternatives for electrical 

energy production, solar radiation stands as the most appealing solution since the energy 

source available is clean and unlimited. While the silicon technology is dominating the solar 

cell market, the advances in exploring the nanostructured semiconductor materials have 

generated certain innovative strategies for capture and conversion of light energy to 

electricity.  

In many of the bottom-up approaches for the fabrication of nanostructured materials, 

colloidal chemical synthesis proved as an effective route for producing nanocrystals with well 

controlled size and good size dispersion. With the crystal surface fully passivated by organic 

stabilizing ligands, colloidal semiconductor nanocrystals offer great potential in 

optoelectronic applications in view of their compatibility with low-cost, large-area capability, 

solution-based deposition techniques [2-4]. Solar cells incorporating semiconductor 

nanocrystals has reached a power conversion efficiency exceeding 5%. The promising 

efficiency values combined with the availability of colloidal synthesis options make the 

integration of nanocrystals in photovoltaics very attractive. A common strategy that is 

adopted in nanostructure based solar cells employs charge transfer processes in 

nanostructure-polymer interfaces. The present study investigates the charge transfer events in 

CdTe-P3HT (poly-3 hexyl thiophene) system for understanding the transfer dynamics in the 

system. Charge transfer events between P3HT and a fullerene derivative [6,6]-phenyl C61-

butyric acid methyl ester (PCBM) has also been investigated. Our studies are also extended to 

the fabrication of a thermocouple based temperature measurement system for ensuring 

reproducibility of the nanostructures synthesized.  



2. Experimental section 

High temperature organo-metallic synthesis was explored in our study. All syntheses 

were carried out in standard air-free conditions. The optical absorption of the nanocrystals 

was investigated using a Shimadzu-3600 UV-VIS-NIR spectrophotometer and the 

photoluminescence spectra of the samples using a Horiba Jobin Yvon Fluorolog-3 

fluorescence spectrophotometer. The time correlated single photon counting (TCSPC) 

analysis of the CdTe dots interacting with the polymer P3HT was investigated using a IBH-

Horiba Jobin Yvon Fluorocube Fluorescence Lifetime spectrometer. For TEM imaging, the 

nanocrystals were deposited onto carbon coated copper grids and observed using a JEOL 300 

KV high resolution TEM. C-AFM and tapping mode AFM were performed using a Bruker 

Dimension Icon Atomic Force Microscope. A Karl Zeiss Ultra 55 Field Emission Scanning 

Electron Microscope was used for surface and cross-sectional analysis. The solar cell 

characterizations were done using an Oriel Sol3A Class AAA solar simulator under standard 

AM 1.5G illumination.   

2.1 Synthesis of oleic acid capped CdTe nanocrystals 

For the synthesis of CdTe quantum dots capped with oleic acid (OA), a mixture of 

cadmium oxide (CdO) (0.5 mM), OA (2mM) and 3 mL octadecene (ODE) was heated to 

300oC to get a clear solution. At this temperature, the tellurium (Te) precursor, prepared by 

dissolving 0.25 mM Te in 0.35 mL trioctylphosphine (TOP) was quickly injected into it and 

the reaction mixture was allowed to cool down to 260oC for the growth of CdTe particles. 

The ODE solution of the nanocrystals was withdrawn after 2 h and was mixed with an equal 

volume mixture of hexane and methanol by vigorous shaking, centrifuged and the ODE phase 

was extracted. The nanocrystals were precipitated by acetone and redispersed in chloroform.  



2.2 Characterization of oleic acid capped CdTe nanocrystals 

Figures 1(a) shows the size dependent absorption spectra of the CdTe nanoparticles 

synthesized. It was observed that the absorption maximum of CdTe particles shifts from 491 

nm to 543 nm on increasing the size. The nanoparticle diameter D (nm) was calculated using 

an empirical relation 
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where, 1λ (nm) is the first excitonic absorption maximum [5]. It was found that the size 

of the CdTe particles vary from 2.33 nm to  3.13 nm. Figures 2 shows the emission of the 

nanoparticles under UV excitation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Optical absorption spectrum of the TGA capped CdTe 

quantum dots exhibiting size dependent absorption. 

Figure 2. Emission of CdTe quantum dots under UV excitation. 



Figure 3 shows the size dependent emission properties of the CdTe nanoparticles. It can 

be seen that the emission peak shifts from 560 nm to 610 nm on increase of size. The size 

dependent absorption and emission properties observed are due to quantum confinement. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4(a) and 4(b) shows the optical absorption and emission spectrum of the OA 

capped CdTe quantum dots used for charge transfer studies.  

 

 

 

 

 

 

 

 

 

Figure 4(a) Optical absorption spectrum of 

OA capped CdTe quantum dots.  

Figure 4(b) PL emission spectrum of the 

OA capped CdTe quantum dots.  

Figure 3. PL emission spectrum of the CdTe quantum dots exhibiting 

size dependent emission.  



The first excitonic band was positioned at 671 nm and the emission maximum was at 

704 nm. The average particle size of 5 nm estimated from TEM data was found to be in good 

agreement with the  quantum dot size of  5.02 nm estimated using equation (1) The TEM 

image of the nanocrystals prepared is shown in figure 5.   

    

 

 

It may be noted that, the particle size was tuned so as to have selective excitation 

window for the quantum dots for the charge transfer investigations with the polymer P3HT.  

2.3. Hole transfer of CdTe quantum dots with P3HT 

The main objective of the present study is exploring the possibility of hole transfer 

between photoexcited CdTe quantum dots and the π-conjugated polymer P3HT. The hole-

transfer in the quantum dot/ polymer system was investigated by monitoring the quenching in 

the photoluminescence of quantum dots and observing how the PL intensity was affected by 

the concentration of the polymer in the quantum dot solution. [6]  

Figure 6 shows the absorption spectra of the quantum dot, 1μM P3HT and the solution 

containing both quantum dots and P3HT of various concentrations. It can be seen that the 

Figure 5. TEM image of OA capped CdTe quantum dots.   



absorption characteristics of the CdTe QDs remains more or less unaffected ruling out the 

possibility of any ground state interaction between the quantum dots and the quencher 

molecule. The PL emission spectrum of P3HT is shown in figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Optical absorption spectra of the quantum dot, 1μM P3HT and the 

solution containing both quantum dots and P3HT of various concentrations.  

Figure 7. PL emission spectrum of 1μM P3HT solution.   



For the quenching studies, the quantum dot/ polymer solution was excited at 590 nm in 

order to have selective excitation of the quantum dots. The CdTe emission underwent a 

drastic quenching upon the addition of P3HT and further increased with increase of the 

polymer concentration. The absence of significant spectral overlap between quantum dot 

emission and P3HT absorption rules out the possibility of an energy transfer between the 

quantum dot and P3HT. Hence the observed quenching of CdTe emission is due to a hole 

transfer to the polymer. The band alignment of the donor and acceptor also favors the hole 

transfer mechanism. Representative quenching plots are presented in Figure 8.  

  

 

 

 

 

 

 

 

 

 

Stern-Volmer plot was drawn for the PL quenching upon addition of P3HT, that 

followed a nonlinear behavior (Figure 9), which is attributed to the existence of more than 

one quenching mechanisms, i.e., both static and dynamic, in the system [7-8]. The plots 

showed an exponential relationship with the concentration.   

 

 

 

Figure 8. PL emission spectra of the nanocrystals 

quenched by various concentrations of P3HT.  



 

 

 

 

 

 

 

 

 

Time correlated single photon counting (TCSPC) analyses of the CdTe quantum dots 

were carried out with varying concentrations of P3HT. The decay profiles showed a tri-

exponential behavior as shown in figure 10. Table 1 gives the average life-time of the CdTe 

samples interacting with the polymer showing a gradual reduction of the life-time with 

increase of the polymer concentration.   

 

  

 

 

 

 

 

 

 

 

 

Figure 9 Stern Volmer plot for quantum dot/ P3HT system.  

Figure 10. Changes in the fluorescence decay profile of CdTe 

quantum dots upon addition of various concentrations of P3HT.  



 

 

 

 

 

 

 

 

 

 

 

2.4. Role of solvent polarity in the charge transfer and transport in P3HT: PCBM bulk 

heterojunction 

We have used the structure ITO/PEDOT:PSS/P3HT:PCBM/Al in our study and the layers 

were deposited by spin coating. P3HT (Rieke Metals) and PCBM (Nano C) in the ratio 1:1 

(w/w) (15mg/ml) was dissolved in the host solvent chlorobenzene (CB) and stirred overnight 

in a nitrogen-filled glove box. Etched ITO coated glass plates, cleaned and treated with UV-

ozone (Novascan Technologies) were spin coated primarily with the hole transporting layer 

((poly(3,4-ethylenedioxythiophene)/ poly(styrenesulfonate)) PEDOT: PSS (thickness ~ 40 

nm) before the active layer deposition. The substrates were then annealed at 130oC and 

moved to the glove box. An active layer of thickness ~ 200 nm were then spin casted 

followed by an Al electrode deposition (100 nm) by thermal evaporation at a base pressure of 

10−7 mbar. For cell fabrication in presence of a solvent additive, nitrobenzene (NB) was 

added to the stirring solution two hours before the active layer deposition.  

Sample details Avg. life time (ns) 

CdTe 28.72 

CdTe+10 nM P3HT 26.38 

CdTe+20 nM P3HT 26.32 

CdTe+30 nM P3HT 23.89 

CdTe+40 nM P3HT 22.08 

CdTe+50 nM P3HT 21.03 

CdTe+60 nM P3HT 19.34 

CdTe+70 nM P3HT 15.82 

Table 1. Variation in the average life-time of CdTe quantum 

dots interacting with different concentrations of P3HT.  



With a P3HT: PCBM ratio 1:1, cells have been prepared at different NB 

concentrations and were also subjected to thermal annealing at 140oC. Here we discuss the 

performance evaluation of the cells prepared with two concentrations of NB (4% and 0.5% 

(v/v)). The cell efficiency was very poor for the 4 % case even after annealing and to 

understand the reasons behind, certain morphological studies were carried out on the 

annealed sample. Figure 11 shows the Scanning Electron Microscopy (SEM) image of the 

annealed sample showing large needle like PCBM domains surrounded by regions depleted 

of PCBM. The addition of NB in fact resulted in the formation of a three dimensional 

network of P3HT during the drying process [9].  

 

 

 

 

 

 

 

 

 

 

Figure 12 shows the SEM image of a PCBM-depleted region showing interpenetrating 

networks of P3HT with a large domain size of around 200 nm. To confirm whether these 

large networks are distributed throughout the bulk of the active layer, AFM topographic 

image (Figure 13) of the same was taken and found that the peak to valley height was around 

200 nm, which was of the order of the active layer thickness. This in fact was the reason for 

the poor cell performance. The large size-regions of P3HT reduced the charge separation 

Figure 11: SEM image of NB added device 

after 140oC annealing. 



probability, which resulted in a lowering of the current density (Jsc). Since the exciton 

diffusion length in polymers is very small (~ 4-20 nm), the excitons formed too far from the 

donor/acceptor interface cannot be separated due to the large size domains [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, the cells fabricated at 0.5% (v/v) NB concentration showed a better 

photovoltaic performance. Even the as cast cells showed an efficiency of 1.37% with a Jsc of 

7.42 mA/cm2, much greater than the Jsc value of the sample without any additive (2.67 

Figure 13: AFM topography image of 4% (v/v) NB added device.  

Figure 12: SEM image of P3HT networks. 



mA/cm2) (Figure 14). The increase of Jsc was a clear indication of an efficient charge 

separation.  

 

 

 

 

 

 

 

 

 

Figure 15 shows the AFM topographic image of the 0.5% (v/v) NB added device for 

which the peak to valley height was around 80 nm so that the remaining 120 nm region out of 

the 200 nm thick active layer was separating the charge carriers, resulting in an improved Jsc. 

The device with 0.5% (v/v) NB concentration after annealing at 140 o C showed a power 

conversion efficiency of 3.07 %.   

 

 

 

 

 

 

 

 

 

Figure 15:  AFM topography image of 0.5% (v/v) 

NB added device. 

Figure 14: J-V characteristics of the cells 

grown under different conditions.  



2.5. Fabrication of a quick response thermocouple probe for laboratory applications 

A quick response thermocouple probe capable of accurate and concurrent temperature 

measurements of a rapidly fluctuating laboratory system is designed and fabricated. The 

probe is mercury free, immersion type, chemically inert with a response time of about 0.8 

seconds. This work is submitted to a patent filing agency. The invention is related to the 

instantaneous temperature measurement of a rapidly changing nanoparticle synthesis system 

in which a control of temperature is important for ensuring monodispersity and size-control 

of nanoparticles. An ideal thermometer is expected to be quick in response, chemically inert 

and capable of sensing from a point contact. Apart from the mercury thermometers, the most 

commonly used laboratory thermometers are resistance temperature detectors (RTD) owing 

to their extremely linear response. But the high response time of these devices make them 

inefficient in situations like hot injection method which is commonly employed for the 

synthesis of nanostructures. Another major disadvantage of RTD probes is the lack of point 

sensing capability. Probes of length about a centimeter or more are necessary for an accurate 

measurement in this case. Also, these probes are usually sealed in stainless steel tubes, which 

make them prone to corrosion in strong acidic or basic environments, causing faulty sensing 

and also contaminating the experimental liquid.   

3. Summary of the findings 

We have synthesized colloidal CdTe nanoparticles by high temperature organo-metallic 

synthetic pathway. Charge transfer ability of the nanostructures was investigated by adding a 

hole accepting polymer P3HT to the nanoparticle dispersion. Spectroscopic investigations on 

hole transfer showed a non linear quenching phenomenon, indicating the involvement of both 

static and dynamic processes in the quenching. Lifetime of the CdTe nanoparticle was 

shortened upon the addition of P3HT and further studies are required in understanding the 

quenching mechanism involved.  



A thermocouple probe capable of accurate and concurrent temperature measurements 

without any time delay (response time ~ 0.8 seconds) is fabricated for a rapidly fluctuating 

laboratory system. The probe is designed particularly for temperature monitoring in the 

organo-metallic synthesis used in our study. Here, a control of the growth temperature is 

important in ensuring a size and shape controlled synthesis so that the fabrication of a probe 

possessing a minimum response time is essential. We could achieve a good level of 

reproducibility in the synthesis of nanostructures by employing the probe that we have 

developed. 

The investigations on the charge transfer reactions in P3HT: PCBM solar cells showed 

that the solvent polarity of the spin coating solution has a significant role in controlling the 

morphology of the active layer (bulk heterojunction). This is confirmed by suitably varying 

the composition of the nitrobenzene-chlorobenzene coating solution employing nitrobenzene 

as a solvent additive. It has been found that a trace amount of nitrobenzene favoured the 

formation of better organized P3HT domains having higher interfacial surface area for 

efficient charge separation resulting in cells with higher efficiencies. 
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