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The goal of this contract is to identify the challenges faced by ISET in scaling up its non-vacuum process from a laboratory to large scale manufacturing and to develop workable solutions for these challenges such that they can be readily implemented in large scale processing of CIGS solar cells and modules. In phase II (2nd year) of this 3-year contract, ISET is focusing on i) further improvement in cell efficiency, ii) evaluation of alternate deposition techniques for coating ISET’s inks uniformly on large area substrates, iii) developing monolithic integration schemes for making CIGS modules on glass substrates and iv) increasing material’s usage and minimizing waste.

I.  Improving Solar Cell Efficiency
We have made strides towards understanding how to increase solar cell output by modifying the surface of the CIGS absorber layer. We have used this understanding to fabricate a champion device efficiency of 13.7% by gallium introduction and surface treatment. Our strategy of surface band gap engineering requires wider band gap material near the junction to increase Voc, yet is thin enough to allow lower band gap material deeper within the absorber to absorb lower energy photons and maintain values of Jsc.

In 2003, we developed a novel solution-spray technique which coats the solar cell absorber with a Ga containing precursor layer. We incorporated thin gallium rich layers into the semiconductor lattice by gas-solid reaction using H2Se and solid-state diffusion. After discovering an appropriate thickness of the precursor, we observed a boost in the open circuit voltage but suffered a dropoff in current collection and fill factors. This can be explained due to formation of CuGaSe2 as the surface kinetic product.

We adjusted our spray method by adding In-Ga precursor as the diffusion couple. Using selenization and light surface etching, we produced a statistically significant Voc increase with a stabilized current collection and fill factors. This confirmed that by manipulating the surface, we could enhance CIGS cell efficiency primarily by increasing the open-circuit voltage (up to 70mV to date). We then extended a baseline efficiency to a champion efficiency of 13.7% (AM1.5). The established process was repeated with success.

The operating domain established for surface modification is highly sensitive to the adlayer thickness and reaction time, which dictates final semiconductor composition and depth distribution. In fine-tuning the graded composition—band gap, we need to continually optimize adlayer composition with reaction time. We have subsequently discovered that copper must diffuse to the surface from the bulk and that extraneous addition of copper at the surface forms defective material. As a consequence, the process of Ga-incorporation is limited by the diffusion of copper and homogenizing force governed by Fick’s Law which washes out concentration gradients. Copper depletion at the surface leads to defective material and degradation in cell parameters stemming from possible type-inversion. 

Additionally, we have some indication that by removing sodium from the bulk of the absorber, we may enhance the diffusivity of In and Ga in CIS along grain boundaries. This however, should be countered by sequential addition of Na (or p-type donor) to plug up copper vacancies VCu at the near surface after modification. We are continuing to build a body of knowledge on CIGS surface treatments to increase solar cell output. This activity will lead us to our 15-16% goal by non-vacuum processing.
II.  Evaluating Alternate Techniques for Absorber Deposition
Pigmented inks are now common in all types of ink jet systems, from industrial to desktop such that a variety of functional materials have been successfully printed using ink jet technology. We are in the process of developing new ink technology for drop‑on‑demand ink jet printing of our nanoparticle pigments to manufacture CIGS solar cells.

We are formulating inks to match piezo heads of an inexpensive commercial printer. Alternatively, one can start by developing head technology to meet ink characteristics, a bulky and more expensive route. By pushing our ink development concept on a low‑cost printer, we are working to deliver a $100 dollar digital manufacturing solution to an otherwise million dollar solar technology problem. Matching ink chemistry to head technology is key to successful performance.

Ink chemistry plays a critical role in determining dispersion stability, where micro‑droplets of ink are fired from tiny nozzles. Dispersion stability assures that agglomeration does not clog the printer head nozzles. Clogging is a serious issue in ink jet technology. The correct ink formulations must be applied before printer trials can begin. We determined that our pigmented inks are within the operating domain of ink jet printing. From particle size analysis, our pigments meet the size requirement to pass through the nozzle orifice. We also showed that by adjusting the formulation, we have been able to converge the viscosities of our in‑house formulations with commercial black printing inks (Figure 1). This is a significant achievement. Control in rheology among other factors will enable a smooth transfer of our ink technology into a solar manufacturing capability using ink jet printing. 

In the course of our evaluations on ink jet, we encountered low‑cost after‑market solutions for bulk feed of specialty ink into our printer. The initial testing is being performed on virgin cartridges. These fresh cartridges allow us to test for jettability free from contamination. We developed an appropriate vacuum fill procedure that is compatible with our fluid and have begun fluid testing. Once we have identified a suitable ink formulation, we will switch to a recently acquired bulk feed system that will directly charge our ink into the reservoir. Bulk ink feeds can offer dramatic throughput capabilities of several thousand square feet per hour with only a handful of low cost printers.
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Figure 1.  Kinematic viscosities converge by formulation adjustment.
In an effort to optimize jetting characteristics we are paying special attention to rheology, surface tension and dispersion stability which are important correlated formulation variables. We employ a multi-technique approach for ink characterization that includes zeta potential measurement, sedimentometry, viscosity measurement and thermal analysis. These techniques allow us to understand ink stability, select choice of formulary additives and bakeout procedures in optimized jetting inks. Our next challenge is to stabilize our pigment suspensions to minimize agglomerate size increase which can be as large as several microns from our sub-micron primary particle size.

III.  Monolithic Module Integration and Top Contact Development

As of last report we showed that screen printed contacts made from silver inks could be cured at temperatures as low as 80(C.  The need to lower the curing temperature was prompted by the observation that the cell properties degraded when the samples were heated above 100(C for extended periods of time during curing.  Furthermore, in evaluating the long term stability of the contact we observed a slight dropoff in cell efficiency over a period of months.  Close evaluation of this factor suggested that the cause of this problem was the ZnO window layer whose properties were changing with time.  This not only affected the current collection within the ZnO layer but also the quality of the contact with the silver top contacts.

After the formation of  the CIGS/CdS junction, ISET’s cell sees high temperature (T>100(C) during CdS Anneal, ZnO deposition, contact deposition (curing) and lamination.  Baseline experiments done during evaluation of contacts (reported earlier) showed that the cell itself degraded when exposed to high temperatures. The degradation was observed to be proportional to both time and temperature of the exposure. This observation raised several questions. Was the junction degrading during post-CdS anneal. Was the junction degrading during ZnO deposition.  How much of the degradation observed during contact deposition could be attributed to the ZnO/contact interface vs. the underlying cell.  Was there any degradation during lamination.

To evaluate cell degradation during post-CdS anneal, several similar CIGS samples were heated at temperatures around 175(C for varying times and in varying ambients prior to ZnO deposition.  No significant trends were observed either as the annealing time was changed or as the ambient under which annealing was performed was changed.  While other researchers have suggested that annealing of the CdS layer in air improves the cell efficiency, we have not observed any such distinct improvements.  At this point we think that annealing of our CdS layer in air is not required. 

To see if there was cell degradation during TCO deposition, ZnO was deposited on the CIGS/CdS junction at several different temperatures.  Figure 2 shows the parameters of several cells each, measured on four large samples.  ZnO was deposited on each sample at a different temperature.
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Figure 2.  Cell parameters of CIGS cells made with ZnO deposited at different temperatures.

It is clear from this data that ZnO deposition temperature can have a significant impact on the cell efficiency.  Deposition at higher temperature lowered the Voc by up to 200mV.  The short circuit current also decreased very slightly for higher temperature depositions.  Lowering the ZnO deposition temperature from 175(C to 155(C improved the efficiency significantly.  However, as the temperature was lowered further below 150(C, the overall efficiency decreased again.  We believe that this decrease in efficiency at 135(C is due to the formation of poor quality ZnO film.  Hence, even though the junction degrades less (as evidenced by high Voc), the poor quality of the ZnO layer reduces the overall cell efficiency.  The optimal temperature for ZnO deposition, appears to be around 150(C.

In addition to the evaluation of inks, we began fabrication of modules this quarter.  8 cm X 10 cm modules containing 8 cells were fabricated on glass as well as on non-conducting Upilex substrates.  The (rigid) modules on glass were made on patterned Mo on which the absorber was deposited and processed.  Upon device completion, areas were opened up to expose the back Mo.  The entire silver pattern was then screen printed in such as way that the pattern formed the front contact on each cell as well as connection to the back Mo of the neighboring cell.  In this manner, monolithic integration was achieved in parallel with top contact deposition.

The flexible modules were made from individual Mo cells that were cut to size from a large Mo sample and then pasted onto a Upilex backing.  Areas were opened up in the cell where the silver ink would make contact with the Mo.  As with the module above, the entire silver pattern was then screen printed to form the module.  Figure 3 shows the I-V curve of a flexible module made in this manner.  The low overall module efficiency is in part due to the low efficiency of some of the individual cells in this module.  Segments of this module gave overall efficiencies that were almost twice as high as that shown below for the entire module.
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Figure 3.  Current-Voltage Characteristics of a flexible CIGS module.

This is ISET’s first foray into fabrication of modules using monolithic integration involving metal top contacts.  Hence we are undergoing a sharp learning curve as we fabricate these modules.  During the several trials we found that the contact points where the silver ink pattern jumps over from one cell to the other was the weakest link and often broke when the sample was handled.  We have now introduced backing support underneath where the contacts are, to ensure that much of the stress is handled by the support.  Further improvements are expected as we gain more experience in integrating  the cells. Beyond integration, we also started lamination of modules.  Further developments in this area will be reported in the next quarter.
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