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CdTe/CdS based solar cells
A baseline process for high throughput fabrication of CdTe cells was developed using chemical surface deposition (CSD) of CdS, vapor transport (VT) CdTe deposition onto moving substrates and vapor CdCl2 treatment.  CdS films deposited by CSD on crystallized ITO, In2O3, and Ga2O3 exhibit conformal growth with >80% utilization of solvated Cd species.  CdTe films 4 m thick were deposited at 550ºC on 10 x 10 cm TEC15/CdS superstrates at a static equivalent growth rate of > 5 m/min.  CdTe/CdS structures were thermally annealed then exposed to CdCl2 vapor at 400-430(C for 20-30 minutes.  The ambient humidity and CdCl2-CdTe plate spacing during CdCl2 treatment changes the surface oxide composition and has a strong effect on performance.  Contact processing consisted of a BDH etch and Cu/Au or Cu/graphite contacts.  The best VT device had 11.2% efficiency. Investigation of the etch dynamics, back contact formation and ambient during stress on cell stability was carried out using glancing incidence XRD and variable angle spectroscopic ellipsometry (VASE).  It showed transformation of the Te layer from amorphous to crystalline and subsequent oxidation of the layer.  The best stability was found for cells with thicker Te layers. The chemistry of Cu with Te-rich CdTe surfaces, prepared by different etch treatments, showed different Cu-Te products depending on Te thickness and chemical state of Cu species.  Thermal stressing of cells and constituent layers in the dark in conditions of varying humidity showed that TeO2 and CdTeO3 were formed at lower humidity on CdTe, while the formation of amorphous hydroxide, oxide or hydrate phases are more likely at higher humidity.  The IEC Cu-Te back contact appears to be stable at higher humidity.  Cu-Te phases are susceptible to oxidation.  The robustness of the IEC back contacts to humidity and thermal stress may be due to the thicker Te film in the back contact.

CuInSe2-based Solar Cells

Development of the roll-to-roll deposition of CIGS on polyimide web focused on film cracking and low adhesion.  Mo films were deposited onto two types of Upilex (S and SG) with and without oxygen plasma treatment and at different temperatures and gas pressures but CIGS film cracking and adhesion were insensitive to these variations.  Changes were made to the CIGS roll-to-roll deposition system to improve its robustness and reproducibility.  A new Se source and shielding of the thermocouple now allows the control of the surface temperature of the liquid Se source.  Work on CIS-based devices with increased Voc focused on adhesion and material and device performance of Al containing alloys, and on S diffusion into CIS and CIGS films.  Al alloy films have been deposited by 1-step (constant flux), 2-step (Al-rich flux followed by Cu-free flux), and 3-step (Cu-free flux at low temperatures followed by only Cu flux and then Cu-free flux) at higher temperature processes.  Going from 1-step to 3-step processes increased grain size.  Film adhesion was similar for 1-step and 2-step processes, but much worse for the 3-step process.  Efficiency was similar for 1-step and 2-step processes, decreasing with increasing Al content.  Films prepared by the 3-step process could not be made into devices except for the lowest Al content films due to the poor adhesion.  QE data showed increasing voltage dependent collection with increasing Al content, i.e. increasing bandgap.  Alternative emitter layer materials and processes were evaluated.  Air annealed chemical bath deposited ZnS films to form mixed sulfide-oxide layers were characterized.  While bandgap decreases with air anneal intensity, glancing angle incidence XRD does not indicate any sulfide-oxide alloy formation.  Devices made with the ZnS window layer do not show any correlation between efficiency and air-anneal time.  CdS layers formed by CSD are highly desirable from a manufacturing point of view, since it has high utilization rate and low waste.  Devices with CSD CdS and efficiency >14% were demonstrated.  Optical constants of CuIn1-xGaxSe2 alloy thin films with Ga/(Ga+In) ratios from 0 to 1 have been determined by VASE over an energy range from 0.75 to 4.6eV. Due to high surface roughness, a new method was developed in which VASE measurements were carried out on the reverse side of the films immediately after peeling them from the Mo-coated glass substrates.  
Si-Based Solar Cells

The grain size enhancement of HWCVD Si films deposited on Al layers has been investigated in two temperature regimes (430 and 600°C), which are below and above the Si-Al eutectic point (575(C). Si layers were deposited by HWCVD onto Al coated glass substrates at growth rates of 1.0 and 5.0 (m/hr, with thicknesses of 2 and 5 (m.  Si films deposited on Al at 430°C had random orientation and higher degree of crystallization compared to films deposited on glass.  For 2 (m thick films grown at 1 (m/hr, the average grain size and crystalline fraction increases with decreasing Si/Al ratio.  As the growth rate increased from 1 to 5 (m/hr, the average grain size and crystalline fraction decreases at a constant Si/Al ratio.  TEM analysis found heterogeneous structure; several large grains but mostly nano-crystalline regions.  The bulk of the films contain Al.  Al layer inversion is incomplete, perhaps due to insufficient interaction time between the Si and the Al layer.  Smaller grain size for 5 (m Si films suggests a limiting thickness beyond which the Al ceases to influence the growth process.  Si films deposited at 600(C exhibit larger average grain size.  However, all 600°C films were non-homogeneous in terms of morphology and composition.  The crystalline volume fraction of films deposited at 600(C is similar to those deposited at 430(C. 

Diagnostics

Contact wetting angle, VASE, and GIXRD techniques are being used to routinely investigate changes in surface properties, which occur during processing CdTe and CIGS solar cells.  For CdTe cells, correlations have been found for changes in surface energy of CdS due to crystallization and of CdTe due to oxidation during post deposition storage and thermo-chemical processing such as CdCl2 treatment and etching.  For CIGS cells, diagnostic evaluation is being carried out with respect to CIGS film composition and Mo substrate stress and surface energy.
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