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This is the progress report for the first quarter of Phase I for the months of December ‘01 through March ‘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.

During this quarter the CdTe National Team held a meeting in Florida at the Florida Solar Energy Center.  USF’s involvement included the following tasks:  (a) provided First Solar with 12 CdTe substrates of various thicknesses to use for their contact studies, (b) processed approximately 30 substrates using CdTe material provided by BP Solar†, (c) performed J-V-T, C-f, C-V, and SR measurements on CdTe cells contacted with Sb2Te3 and provided these data to Dr. Alan Fahrenbruch for his modeling work, (d) carried out C-V and C-F measurements on a set of CdTe samples prepared at USF and CSU in order to establish a capacitance measurement “procedure” for the CdTe team.

CdTe:

Stability:

During the latter stages of the previous TFPP project a vacuum oven was modified to accommodate a large number of cells for stability studies in a controlled ambient.  Although the initial design functioned relatively well, the sample stage is currently being redesigned to address temperature and illumination uniformity issues.  The typical conditions for the first few batches of cells being studied are listed below.

Stress conditions:

Light intensity approx. 1 sun (±15%)

Cells kept @ VOC
Light/dark cycle – 4 hrs light/4 hrs dark

Ambient:  UHP Helium (or N2) (slightly positive pressure)

Temperature:  45-60ºC† 
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Figure 1 shows the light I-V of two cells contacted with CuXTe where the primary difference in the fabrication of these devices was the thickness of the CuXTe: device 416A4c was fabricated with 70 Å of CuXTe and device 517B3d with 60 Å.  The VOC and ff for the two cells are listed in table 1‡.

Table 1.  VOC and FF for the cells of figure 1.

	Sample #
	Initial VOC

[mV]
	VOC after 1000 hrs

[mV]
	Initial ff
	ff after 1000 hrs

	416A4c
	791
	740
	0.675
	0.556

	517B3d
	840
	810
	0.721
	0.667


Comparing the characteristics of these two cells in forward bias, device 416A4c appears to be affected by the presence of a back barrier (slight “bend-over”), which after 1000 hours of light soaking becomes more severe leading to a significant loss in the ff and VOC.  Device 517B3d does not show any signs of a back barrier in its as-fabricated light J-V.  After 1000 hours of light soaking there appears to be a reduction in the series resistance (slope of J-V at high currents in forward bias), and to a lesser extent than device 416A4c, a loss of ff and VOC.  These results seem to suggest that the “optimized” as-fabricated device degrades less and within the first 100o hrs of light soaking no apparent degradation of its back contact is evident.  The loss in the ff and VOC of cell 517B3d could be due to an increase in JO or inefficient collection.  This batch of cells is now stored in a dessicator until the new stability sample stage is complete, at which time we expect to continue the light-soaking experiments.

TCO’s/Window/Buffer Layers:

Under a different project, we have developed capabilities to prepare transparent conductors by co-sputtering.  We have to-date developed processes for Cd2SnO4, Zn2SnO4 and Cd-In-O.  These TCO’s are now being incorporated into CdTe cell structures.  This activity focuses on improving solar cell performance as well as understanding the role of the front contact and in particular the “buffer” (i.e. resistive) layer.  Recent experiments compared intrinsic SnO2 prepared with rf-sputtering vs. intrinsic CVD-SnO2†.  In all cases the conductive layer in the bi-layer TCO structure was Cd2SnO4.  Results from the best devices to-date are summarized in table 2, where it can be seen that devices with intrinsic CVD SnO2 slightly outperform the sputtered films (the deposition temperature for the sputtered SnO2 films was 300ºC).  It should be noted however, that at this time it appears that on average there are no significant differences in device performance.  For example the SR of both types of devices was very similar with solar cells fabricated on CVD SnO2 having slightly better collection at long wavelengths.

Table 2.  Solar cell characteristics for CVD and rf-sputtered “resistive” SnO2 layer.

	SnO2
	VOC [mV]
	ff
	JSC [mA/cm2]

	Rf sputtering
	830
	.681
	23.1

	CVD
	849
	.689
	23.9


We are in the process of evaluating various combinations of bi-layer front contacts that utilize SnO2, Cd2SnO4, ITO, and Cd-In-O.

Back Contacts

The back contact work has focused on two areas:

(a) re-establishing the CuXTe rf-sputtering process at previously achieved performance levels.  This process has recently produced devices with considerable scattering in performance.  We have switched this effort to a different vacuum system and have recently obtained results that are more representative of the optimized process.  The key parameter appears to be the thickness of CuXTe.  We anticipate that the reproducibility issues will be resolved once the process is recalibrated and be able to fabricate additional devices to include in our stability work.

(b) Cu-free back contacts.  These efforts have been recently focused on revisiting  Sb2Te3-based contacts.  We are currently processing devices based on both USF CdTe and material provided by First Solar  (Dr. Doug Rose).  As indicated in previous reports this particular process has presented many challenges including a significant degree of scattering in solar cell performance.  Figure 2 shows J-V data for USF (left) and FS (right) CdTe.  All devices exhibit “roll-over” indicating the presence of a back barrier, very similar to results obtained in the past when Sb2Te3 was first considered.  Although the contact fabrication procedures are similar for FS and USF material it appears that on average FS devices outperform USF cells.  More recent work has focused on FS material exclusively and for the first time we have consistently measured ff’s in the mid to upper 60’s range, although VOC’s are still lower than baseline devices (600-730 mV).  Our current objectives for this process are to establish a reasonable level of reproducibility and attempt to improve on solar cell performance.
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Large Area Deposition System

Our large area deposition system has suffered a serious setback due to faulty heaters.  Most of the large area heaters installed in this unit have been removed and are currently being repaired by the supplier.  We are currently attempting to temperature profile the deposition system with two functioning heaters and deposit CdTe films on stationary substrates.

CIGS

Efforts are continuing to further the performance of devices made by 2-step all-solid-state processing. We have reported previously that the use of a single chamber was limiting performance. The specific issue is that there is always some level of Se flux present when depositing metal layers. This not only contaminates the metal layers but also is a variable that is difficult to control. To overcome this limitation we have constructed a deposition system that allows deposition of metal layers in a Se-free environment. Prior to the start of this project the system was brought on-line and underwent a careful shakedown process and calibration. We are now in the midst of running the experiments to determine the results of controlling the Se environment. Although the data set is still limited, trends are starting to emerge, and our initial findings will be presented.

Although we have good control over short circuit currents with our baseline process, Voc’s and FF’s exhibit large fluctuations. This forced the need to conduct a large number of runs so that suitable statistics would be available to determine the outcome of a specific experiment. While we made some progress in this mode, it was slow, and as performance improved, it became increasingly difficult to try and to verify the outcome of new ideas. The first series of runs in the new chamber indicates a significant improvement in this situation. Voc’s and FF’s are consistent. We are confident that the changes that we make in a run are what causes changes in performance. While the exercises that we are conducting are specific to our process, there is generic content to what we learn that can be useful to other processing approaches. 
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We began this particular investigation by transferring the process recipe from our original chamber(chamber 1) to the new chamber(chamber 2).  As expected, device performance was different, though poorer. Since we can run the same process side-by-side in the two reactors, the different performance in the new chamber makes it clear that performance is sensitive to the uncontrolled background parameters in chamber 1, and most likely specifically to the background Se flux. We had been convinced of this previously by noting differences in performance as we took measures to reduce the background flux in chamber 1. But we were never able to eliminate the flux completely, and we had no way of knowing how sensitive the process was. Having now eliminated the flux completely we are observing several effects. Firstly, we had some difficulty with adhesion and had to lower the Ga level from 600 Å to 400 Å. This solved the problem and produced reasonable devices with reproducible performance. By direct comparison with devices from chamber 1 we determined an increase in Voc of 20 – 30 mV. This is what we were expecting, though more. And, unfortunately this was accompanied by a drop in Jsc. This was surprising in that we had always been able to maintain high Jsc’s in chamber 1. QE spectra indicate that the loss is due to a sloping spectral response, that is, low red response. This is demonstrated in figure 1 which is a differential QE response with respect to a corresponding device from chamber 1. As can be seen, the relative response from chamber 2 is much lower in the 100 – 130 nm range. We have associated such behavior with the presence of poorly bonded Ga through numerous studies in the past and suspect that this is the case here. The poorer collection lengths that result are partly due to poorer transport, but there is often significant shrinkage in the space charge layers in such devices. We have not conducted the in-depth measurements on these devices that are necessary to sort this out. Rather, we are focusing our efforts on trying to eliminate the problem.     
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Our original hypothesis is that depositing Cu in the presence of a Se flux was producing a CuxSey species some fraction of which was surviving subsequent processing. The remnants of this species was diminishing Voc. The modest increase of 20-30 mV realized thus far suggests that we have reduced or eliminated this loss by eliminating the Se flux during Cu deposition. However, in the process we have lost control over other loss mechanisms. First, the adhesion issue suggests that depositing Ga in the presence of Se flux helps tie up the Ga so that it does not interfere with adhesion. And, the presence of Se flux during Cu and Ga deposition apparently gives rise to better Ga bonding. Therefore what we are making at this point in the new chamber benefits from reduction of the CuxSey species but suffers now from poor Ga bonding. 

In attempting to understand this at a microscopic level we have used the defect model of the NREL theory group[1] as input to the AMPS© simulation code[2]. Device performance is best explained in terms of acceptors and acceptor defects. In particular we have found the Cu vacancy defect to correlate best with observed behavior. In figure 2 is shown the effect of this defect on QE response. The n and i layers correspond to the surface and bulk regions of the device.  As this defect is increased in either region there is loss in Jsc that spectrally is a good match to our experimental results. We can not easily justify why this defect would increase due to poor Ga bonding at this time. We can only speculate that Ga deposited in the presence of Se is more able to allow Cu to bond with it and InxSey to form CIGS. A reduction in the number of GaxSey species doesn’t let Cu in as readily resulting in more copper vacancies. 

While we are attempting an explanation in terms of the VCu since it is the most readily accepted and has the lowest formation energy, it is clear that other acceptor defects can work as well. These options are discussed in the IEEE abstract[2]. As is also discussed there, the acceptor defects also pull down Voc. We are thus hopeful that if we can return this defect to its chamber 1 level we will recover Jsc and realize a larger incremental improvement than the 20-30 mV in Voc that we have observed thus far. We have preliminary evidence that retuning the Se flux is producing improvements in Jsc. We hope to report further progress in this direction in the next report.

© AMPS is a copyrighted device simulation code developed at Penn State University under sponsorship of the EPRI.
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Figure 2. QE response as a function of the VCu level in the i and n CIGS layers indicated in the legend.
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Figure 2.  Light I-V of Sb2Te3-contacted solar cells:  left – USF, right – FS.





Figure 1.  Light J-V data for CdTe solar cells fabricated with CuXTe contacts;  left - CuXTe thickness 70 Å, right -  CuXTe thickness 60 Å.








† A summary of updated/additional results has been recently mailed to BP Solar.


† The temperature varied significantly during this set of experiments and this is the primary reason the sample stage is currently being redesigned.


‡ The results shown in figure 1 are “typical”.  Additional I-V data showing similar I-V behavior will be included in future reports.


† Our baseline process utilizes CVD SnO2





