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This is the progress report for the 2nd quarter of Phase I for the months of April ‘02 through June ‘02. The project covers two thin film technologies: CdTe and CIGS.  The focus areas include:  (a) CdTe – stability, novel back/front contacts, and the development of manufacturing friendly processes;  (b) CIGS – development of two-step non-co-evaporation technology.

Stability
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In the area of stability we have been fabricating a series of samples to study the effect of the CdCl2 treatment (role of chlorine) on device stability.  These cells will also afford the opportunity to stress non-optimized low efficiency cells and determine whether the amount of degradation depends on initial stability.  We have varied the CdCl2 annealing temperature from 360 to 410(C.  The optimum range for performance is between 380 and 400(C, with a relatively sharp drop-off at high temperatures and a more gradual decrease at lower temperatures in the ff and to a lesser degree in VOC.  The set of devices selected also includes a variation in the CdS thickness.  We plan to light soak 4 devices at each condition (2 at short-circuit and 2 at open circuit).  Figure 1 shows the initial performance of these cells.  Devices heat treated at 410(C are not shown as the scatter in the to-date fabricated performance data is significant and more devices are currently being fabricated to minimize the performance variations.    The data points in Fig. 1 indicate the minimum, maximum, and average values for VOC and ff for a minimum of 16 cells for each condition.  Additional measurements that are underway include SR, C-V, C-f, monochromatic light J-V.

Vapor Chloride Treatment
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Work on the vapor treatment process has continued, with the ultimate objective being to eventually eliminate all wet processing steps.  Recent experiments have focused on the effect of ambient.  Briefly, the vapor CdCl2 treatment is carried in a 2-zone type furnace where the source (CdCl2) and sample temperatures are controlled independently and a carrier gas is used to transport the CdCl2 vapors over the sample.  We recently studied the effect of three ambients:  He, He/O2, and H2.  A summary of the best to-date results is included in Table 1.  The O2-containing ambient remains the best alternative, as is the case with the baseline (wet) CdCl2 process.  Devices annealed in H2 ambient have consistently exhibited lower VOC’s (less than 800 mVs) than those annealed in inert or O2 ambient.  The lower VOC’s are partly due to higher JO’s as shown in Fig. 2 where the dark J-V for the three cells of table 1 is shown.  In addition to the dark J-V data, JSC-VOC measurements are also included, and appear to match well the dark J-V in the range of 0.5-0.8 Volts.  Extrapolated values for JO from the JSC-VOC data re in the mid 10-13 A/cm2 for cells annealed in He or He/O2 ambient and in the mid 10-11 A/cm2 for cells annealed in H2.  Another objective of these experiments is to reduce the annealing time in order to improve the throughput of this process.  It is known that the deposition of semiconductors by some of the CdTe manufacturers requires only 1-2 minutes and it would therefore be desirable that the CdCl2 treatment duration be of similar duration.  Annealing times for our vapor treatment have been decreased considerably and they sometimes range from a few seconds to 2-3 minutes, suggesting that this process does not have to be a throughput limiting step for the manufacturing of CdTe modules.

TCO’s/Buffer Layers

We recently began incorporating CdIn2O4 in devices.  As mentioned in a previous report this material is one of several options being considered as alternative front contact/buffer layers.  This material exhibited the desired resistivity and transmission as a front electrode, but in general, within the range of parameters studied/varied to-date its resistivity remains considerably lower than what is typically used as a resistive (buffer) layer in bi-layer TCO structures.  CdIn2O4 is typically deposited at room temperature and requires a post-deposition heat-treatment to achieve the required electro-optical properties.  Performance data for cells fabricated to-date with CdIn2O4 as the front contact are listed in table 2.  These values are averages (minimum three cells for each condition).  The CdIn2O4 films are amorphous for annealing temperatures up to 300(C.  They become polycrystalline when annealed at 400 and 500(C.  Higher temperatures lead to the formation of phases other than CdIn2O4 (In2O3) which is the reason no devices were fabricated with such films yet.  As the data in table 2 suggests reasonable performance can be achieved with CdIn2O4 as a TCO (not a bi-layer).  However, the addition of a “buffer” layer (in this case undoped SnO2) resulted in devices with VOC’s up to 840 mV and ff’s of 70%, indicating the critical performance enhancing role of the buffer layer.  Further work in this area continues as we attempt to utilize some of this TCO’s with all-CSS fabricated solar cells.
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Large Area Deposition System

We have been carrying out preliminary depositions with a stationary substrate arrangement with a primary objective to calibrate the temperatures and evaluate the uniformity of the large area films.  Films from the first few runs exhibited significant thickness non-uniformities.  Film uniformity improved after adjustments to the source-substrate spacing and the source itself.  Based on these initial results it is also evident that a large portion (in some regions nearly all) of the CdS appears to evaporate during this process.  It appears that the substrate heating arrangement (the substrate is currently radiatively heated using a large area heater) must be modified to eliminate what appear to be significant temperature gradients over the substrate area.  We have already begun testing alternative options for the substrate heating, as well as continuing the temperature calibration process.  We have been recently notified by the supplier of the damaged heaters that these are in-line for repairs and they expect them to be ready by the second week of August.

CIGS

CIGS Processing
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We have been exploring the process of transferring our baseline CIGS recipe from the old(chamber 1)  to the new chamber(chamber 2). In our last report we indicated that progress had been made with Voc, but at the expense of Jsc. This was discussed in terms of the elimination of background Se flux during Cu and Ga deposition, and it was speculated that the absence of Se was responsible for the formation of an increase in VCu  defects which resulted in collection losses. Through ongoing experimentation we have gained additional insights to the mechanisms affecting Jsc. These are the result of differences in procedures between a load-locked and non-load-locked chamber. In chamber 1 the bell jar was opened between runs to remove and reload substrates. And on an irregular basis source materials were replenished and maintenance performed. This resulted in varying exposure time of the inside of the chamber to ambient conditions. Since the system is equipped with a fast pump, however, and the run was started after reaching a baseline pressure(~2 x 10-7), pump down time before deposition did not vary much. In retrospect this likely resulted in a run-to-run variable background of water vapor. The process recipe that we developed in this chamber neutralized this variable in that we had good run-to-run reproducibility for Jsc. However, since chamber 2 is load-locked, it is not surprising that the process recipe does not transfer directly. What we have determined is that in chamber 2 Jsc is a function of the history of exposure to ambient, that is, how long the chamber was exposed, and how many runs have been completed since opening the chamber. Thus Jsc’s are low on the first run after exposure and improve with subsequent runs thereafter. The Jsc and QE response for two run sequences are shown in figures 1 and 2. As can be seen, the biggest increase is between runs 1 and 2. And for sequence 2 some bouncing occurs after run 1. The QE responses indicate both upward shifts and red-favored increases. More data will be required to understand these subtleties. 

This behavior is an interesting contrast with the constancy of Jsc in chamber 1. This suggests(putting aside differences in Se flux for the moment) that if water vapor is always present at about the same level, a process recipe can be found to accommodate that 

scenario. However, if water vapor is present for the first run and then diminishes with subsequent runs, the run process has to be tuned accordingly. It should be possible to pump longer before the first run to bring the water vapor within acceptable limits before the first run. This should result in a fixed process recipe. If this takes too long, it would then be necessary to adjust conditions from run to run to account for the changing water vapor level. 

Another question that this raises is why is the first run in chamber 2 not good when it has about the same water vapor level as chamber 1, and the same process recipe is being run?  There are several possible answers, and we are conducting experiments to sort this out. First, the pump in chamber 2 is not nearly as fast as that in chamber  1, so after exposing chamber 2, it may take a lot more pumping time relative to chamber 1 to get the water vapor level down. We have a preliminary result that suggests that this is not the case, at least for one part of the process. Chamber 2 actually consists of two deposition zones that are separated by a gate valve. Thus the water vapor issue can be in either or even both deposition zones. In deposition zone 1 we deposit Cu and Ga. There is no selenium present. We have tried extensive pumping of this chamber after exposure and prior to the first run. This has not eliminated the Jsc dependence on run history. We are presently conducting this experiment in deposition zone 2, and should have an answer soon. Should that also prove negative, we have to consider more complex causes. One possibility is that there is a confounding relationship between the presence or absence of Se during Cu and Ga deposition and water vapor. Again this could occur in either or both deposition zones. Experimental sequences to sort this out are being planned. 

ZnSe Buffer Layers


As part of the Thin Film Partnership team activities we continue pursuit of alternative buffer layers. We have been working with ZnO, Zinc Indium Selenide(ZIS) and In2Se3. Both zinc compounds have shown promise, while In2Se3 exhibits an instability problem for our absorbers. We have proposed that the source of this problem is reaction with Cu. From a chemical perspective a logical extension of these is ZnSe. However, it has a somewhat less favorable electron affinity(3.7) than ZnO(3.8), though somewhat smaller band gap. In preliminary results we find Voc’s about 100 mV lower than CdS controls, but much greater stability than In2Se3. This is interesting in that ZnSe may be expected to react with a group III-rich absorber to form some ZIxGyS species. Since ZIS works well as a buffer, formation of it or ZIxGyS may not be immediately apparent. Another factor working against this is that our absorbers are less likely to have a group III-rich surface. 

The results that we have reported thus far are for ZnSe evaporated from the compound. And the best results are for a room temperature substrate temperature. We expect that for higher substrate temperatures the sticking coefficient for Se is lower than for Zn, and we are not producing stoichiometric films. To overcome this we have recently started coevaporating ZnSe with an additional Se flux. This is expected to enable the formation of stoichiometric ZnSe at higher substrate temperatures. The higher temperatures should improve film integrity and hopefully improve performance. The effect of Se flux on the transmission of ZnSe films on glass is shown in figure 3. The films are 200 nm thick and had a constant substrate temperature of 250 ( C. As can be seen, as the Se flux is increased over the no flux case there is evidence for a stronger onset of absorption  in the vicinity of the band gap(480 nm). This may indicate more selenium incorporation due to the flux, however, we first have to account for possible structural changes as well. In any case, we expect that the properties of ZnSe are affected by the Se flux environment and substrate temperature. Once we understand and control these mechanisms we will determine their influence on buffer layer performance. 

Figure � SEQ Figure \* ARABIC �1�. Jsc dependence on run number following chamber venting for two sequences.





Figure � SEQ Figure \* ARABIC �2�. QE response as a function of run number following chamber venting for two sequences.





Figure � SEQ Figure \* ARABIC �3�. Transmission profiles for 200 nm ZnSe films on glass under various Se flux conditions.





Figure 1.  Performance summary for cells to be light soaked for stability studies.





Ambient�
VOC [mV]�
FF [%]�
�
He/O2�
834�
72.5�
�
He�
830�
64.4�
�
H2�
790�
68.5�
�
Table 1.  The effect of ambient on VOC/ff during for vapor-treated CdTe cells.





Figure 2.  Dark J-V data for cells treated in He, H2, and He/O2 ambient.





CdIn2O4 Annealing T [C]�
Average VOC [mV]�
Average FF [%]�
�
As deposited�
610�
52�
�
300�
572�
60�
�
400�
710�
58�
�
500�
755�
62�
�
Table 2.  Performance data for CdIn2O4/CdS/CdTe cells.








