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Abstract: Solution-based CdTe quantum dots were fabricated following the synthetic protocols
devised by Bawendi and co-workers. The nanocrystals, which are spherically shaped, are derived
from colloidal solutions having oleic acid and trioctylphosphine as stabilizers. The quantum dots
produced exhibit a strong photoluminescence where the wavelength of the luminescence was
varied by altering the extraction time from the reaction vessel. Absorbance measurements on the
various aliquots exhibit maxima extending from 540 to 663 nm. Transmission electron
microscopy indicates that the CdTe nanocrystals are indeed spherical where the ensemble shows
a narrow size distribution. Energy dispersive x-ray spectroscopy confirmed that cadmium and
tellurium are present in a 1:1 ratio. Ink formulation begins by first precipitating the CdTe
nanocrystals through centrifugation to produce a fine powder, dissolving the powder in toluene,
and then combining the solution produced with the photoactive organic semiconductors P3HT
and PCBM. Solar cell fabrication proceeded by first applying the ink mixture to an ITO-coated
glass substrate using a Dimatix Materials Printer DMP-2800. Following a high temperature
anneal of the ink, the solar cell device fabrication was then completed by applying layers of
Poly(3,4-ethylenedioxythiophene), poly(styrenesulfonate) (PEDOT:PSS) and a top gold
electrode. The work demonstrates the viability of fabricating a printable solar cell architecture
based on CdTe-based quantum dot inks.

1. Introduction

One of the foremost challenges facing next generation photovoltaics is to advance
designs which deliver flexible, low-cost alternatives to the rigid-substrate silicon-based
architectures which presently dominate the marketplace'™. The emergence of companies such as
Nanosolar®® and Konarka’, which offer high-volume printable solar cell fabrication processes,
reflect both the allure and promise of fabricating low-cost, efficient solar cells using
conventional printing-press technologies. Inkjet printing offers a printing technology which is
promising but has, thus far, remained untapped in terms of use in commercial photovoltaic
technologies. While the inkjet process lends itself to the fabrication of organic solar cells®, the
formation of hybrid cells which combine both an organic polymer and inorganic nanoparticles
have proved more efficient in prototype architectures®°. With theoretical calculations indicating
that quantum dot solar cells have the potential to reach a maximum thermodynamic conversion
efficiency of up to 66%", the development of hybrid photoactive ink formulations which are
compatible with inkjet printing processes presents one of the key challenges in advancing this
technology. Thus far, hybrid cells have, for the most part, relied on the I1-VI semiconductor
cadmium-selenide (CdSe) for the inorganic component™®*3, while the closely related compound
cadmium-telluride (CdTe) has received little attention despite the fact that it is the foremost
photovoltaic material for the thin film solar cell industry***®. Here, we present our studies
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focused on fabricating a photoactive CdTe ink formulation which is compatible with the inkjet
printing process.

2. CdTe Quantum Dot Ink Fabrication of the Hybrid Solar Cells

Synthetic protocols for the fabrication of CdTe quantum dots were first devised by
Bawendi and co-workers'’. In the present study, we closely follow the methodologies of Kloper
et al.18, but where slight variations to their procedures are made. Ink fabrication utilized
polymers commonly used in organic solar cells**%.,

2.1 Materials: Tellurium Powder (Te, 99.997%, 300 mesh), Cadmium oxide (CdO, >= 99.99%),
Oleic Acid (OA, technical grade 90%), Trioctylphosphine (TOP, technical grade 90%), 1-
Octadecene (ODE, technical grade 90%), Toluene (anhydrous, technical grad 99.8%), 1 Ethanol
(anhydrous, technical grad 99.5%). All materials were purchased from Sigma-Aldrich.

2.2 CdTe Synthesis: A precursor solution, comprised of 0.1 mmol Te powder dissolved in 0.25
mL TOP, was heated to 80 °C and stirred until it turned yellow in color. Next, 2.25 mL ODE was
added to the solution and gently stirred. The resulting solution was set aside while a second
solution, consisting of 0.0256 g CdO dissolved in 200 pL OA and 10 mL ODE, was prepared.
This second solution was heated to 300 °C, at which point the solution changed from yellow to
transparent. Further heating to 310 °C led to the precipitation of Cd nanoparticles which caused
the solution to turn black. Thirty seconds after this color change, 5 mL of the Te precursor
solution was injected into the flask, causing it to instantly turn red, which is a signature
characteristic of CdTe nanoparticle formation. Aliquots, extracted every minute, were rapidly
injected into 5 mL of ambient toluene, the effect of which was to immediately quench the
reaction.

2.3 CdTe Purification: In order isolate the CdTe nanoparticles, a 1:3 CdTe:Ethanol solution was
centrifuged at 2000 rpm for 5 min, followed by the removal of the supernatant. This procedure
was repeated twice. The CdTe remaining at the bottom of the centrifuge tube was then dried
under a flow of argon gas to yield a fine powder. For this purification procedure, 17 mL of
solution typically yielded 100 mg of CdTe powder.

2.4 Ink Polymer Synthesis: Ink solutions were prepared by first adding 90 mg of the CdTe
powder suspended in 0.23 mL of toluene to 0.0225g poly-3(hexylthiophene) (P3HT) and
3.7485g oDCB and then stirring the resulting ink solution for 2 hours. The ink produced has a
viscosity of 1.72 cP, a surface tension of 25.51 nN/m and a density of 1.3884 g/cm®.

3. CdTe Quantum Dot Characterization

The CdTe quantum dots produced were characterized using photoluminescence,
absorption spectroscopy (JASCO UV-VIS spectrometer), transmission electron microscopy
(JEOL JEM-1400 TEM) and energy-dispersive x-ray spectroscopy (EDS).

3.1 Photoluminescence: Figure 1 shows images of solutions containing CdTe quantum dots
illuminated with visible (Fig. 1A) and ultraviolet (Fig. 1B) light. The six vials shown are aliquots
removed from the reaction vessel at various time intervals. As expected, the quantum dots show
the intense photoluminescence characteristic of quantum confinement.
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Figure 1: Images showing solutions containing CdTe quantum dots illuminated with (A) visible and (B)
ultraviolet light. The extraction times, from left to right, are 0.5, 1, 1.5, 2, 2.5, 3 and 3.5 min, respectively.

3.2 Absorption Spectroscopy: Figure 2A shows the normalized absorbance spectra for the
various CdTe quantum dots produced. The spectra show absorbance peaks ranging in
wavelength from 550 to 700 nm where there is an increasing red-shift for the progressively
larger quantum dots removed from the reaction vessel at later times. Figure 2B shows the
wavelength dependence of the absorbance peak as a function of aliquot extraction time from the
reaction vessel. These results are in agreement with both the quantum confinement effects
expected for spherical quantum dots? as well as those observed in previous studies®®.
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Figure 2: (A) Normalized absorbance spectra for CdTe quantum dots extracted from the reaction vessel
at 1, 3, 5 and 11 min which yield absorbance maxima of 602, 630, 646 and 663 nm, respectively. (B) The
absorbance maxima of the quantum dots versus the extraction time from the reaction vessel.

3.3 Transmission Electron Microscopy (TEM) and Energy-Dispersive X-ray Spectroscopy
(EDS): Sample for TEM were prepared on copper grids (Carbon Type-A, 300 mesh, Ted Pella,
Inc.). High resolution images indicate that the quantum dots have a high degree of
monodispersity with particle diameters in the range of 4-8 nm. EDS on these quantum dots
indicate the expected 1:1 Cd:Te ratio.
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Figure 3. HR-TEM images of CdTe nanoparticle quantum dots with an average diameter of 6.3
nm.

4. Solar Cell Fabrication

A cartridge for a Dimatix Materials Printer DMP-2800 (Fig. 4A) was loaded with the
CdTe quantum dot ink solution and dispensed onto a ZnO-coated indium-tin-oxide (ITO)
substrate. Inkjet printing instrumentation and procedures are described in detail elsewhere. %%
The coating was formed from three identical layers where each layer has areal dimensions of 7
mm x 7 mm and a thickness of 20-25 nm (Fig. 4B). The layers were then annealed at 140 °C for
10 min and inspected under an optical microscope (Fig. 4C). The solar cell structure was then
completed by first spin coating a polymer containing PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene) ploy(styrenesulfonate) (Fig. 4D) followed by the application of a gold
electrode using a sputter coater (Fig 4E-F).

Figure 4: Optical images of (A) the Dimatix Materials Printer DMP-2800 used for Printing
CdTe quantum dot ink, (B) the substrate after the ink has been printed, (c) the ink after
annealing, (D) spin coating of the cell with the PEDOT:PSS polymer, (E) the final cell and (F)

the top gold contact.
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5. Summary

We have demonstrated the viability of fabricating a CdTe quantum dot hybrid solar cell
architecture using an inkjet printing process. Crucial to this demonstration was the synthesis of
monodisperse CdTe quantum dots exhibiting quantum confinement effects and their subsequent
incorporation into an ink formulation. Future work will focus on assessing and optimizing the
light harvesting capabilities of the solar cells produced.
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