Transparent Contact Development for CdSe Top Cells in High Efficiency Tandem Structures
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ABSTRACT

Simulations indicate that efficiencies of 25 – 30% can be achieved with CdSe/CIGS thin-film tandem devices. The key to achieving this objective is development of a 16% transparent CdSe device. To address this problem we have been developing transparent contact/CdSe/transparent contact structures deposited on glass/SnO2:F. With these transparent structures we have demonstrated record Jsc’s of 17.4 mA/cm2. SnO2 serves as the n contact, and the p contact is ZnSe:Cu. These structures have also exhibited sub band gap transmission of 80%. We have evaluated ZnO and CdS as alternative n contacts and ZnTe as an alternative p contact. Voc’s of only 300 mV are being attained with ZnSe:Cu because its Fermi level seems to be near the middle of the band gap of CdSe in spite of favorable valence band alignment. However, using ZnTe:Cu as the p contact we have achieved Voc’s up to 575 mV, a new high. 

BACKGROUND
As thin-film solar cells approach the 20% efficiency level, there is interest in extending their performance range to 25% and beyond. Tandem structures are the most likely route to this objective, and we have proposed a 4-terminal device using CdSe as the top absorber and CIGS as the bottom absorber for this purpose. With band gaps of 1.7 eV and 1.0 eV these are ideal choices. Simulations indicate that efficiencies in the 25% - 30% range can be attained using known values for these materials and devices made from them[1]. CIGS has already attained the desired performance level for the bottom cell. The challenge is to attain efficiencies of > 16% for CdSe, and, the device must be transparent to pass light to the underlying CIGS in a 4-terminal structure. This is a formidable challenge, since the highest attained thin-film efficiencies for CdSe are around 6%, and these devices are not transparent[2]. We have been working on the development of CdSe for this purpose and have from  the outset restricted ourselves to the use of transparent 

contacts. We have reported significant progress on development of transparent CdSe devices[3]. These results will be briefly summarized below before presenting our latest results on development of the transparent contacts. 
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For a typical device the growth surface is 5000 Å thick SnO2:F, the CdSe absorber is 2 μm thick, and the top contact is 200 Å of ZnSe:Cu. The simplified band diagram is shown in Fig. 1. For these structures we have demonstrated the following:

· Jsc’s of 17.4 mA/cm2
· Sub band gap transmission of 80%

· Voc’s of 300 mV

The Jsc is the highest reported for a transparent thin-film CdSe device and indicates the high electronic quality of the CdSe absorber that we have achieved. The transmission of long wavelength light is also close to the value needed(85%) to meet the high efficiency objective of 
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the tandem structure. Voc is the major shortcoming that is limiting the performance of these devices. The targeted device type is metal/semiconductor/metal(MSM) in which the semiconductor is completely depleted, and thus Voc is determined by the contact energy of the two contacts. In this case the metals are really transparent conductors(TC), but the principles are the same with their Fermi levels determining the effective contact energies. Ideally the TC’s are degenerate, and align well with the band edges of the semiconductor. Capacitance measurements indicate that the CdSe is nearly depleted, and thus the low Voc’s are due to poor contact energies for the TC’s. The challenge to advance the performance of these devices is to improve the contact energies. Progress in this regard is presented below for both contacts. 

RESULTS AND DISCUSSION

n-Type Contacts
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In the 4-terminal device structure the contacts of the top cell need to be able to collect the current effectively as well as being transparent. The class of transparent conductors offers several options that meet these criteria. An additional  electronic consideration for the n-type contact is that the Fermi level be near the CdSe conduction band edge. In Fig. 2 are shown the simplified relative band alignments for CdSe and TC’s of interest. The energy scale is from the NREL theory group and is relative[4]. Potential n-type contacts are to the right of CdSe, and p-type to the left. Assuming the contacts are degenerate, we would ideally have the conduction band of the n contacts align with the conduction band of CdSe and the valence band of the p contacts align with the valence band of CdSe. As can be seen, this is nearly the case for SnO2, our standard contact. However, ZnO is a closer match, and would be expected to have a higher Voc. CdS has a lower electron affinity than CdSe, and would be even better as long as the conduction band offset did not interfere with current flow. We have made devices with both ZnO and CdS and do find a small increase in Voc of 50 mV to the 350 mV range. However, as seen in Fig. 3, current generation is significantly lower for the CdS n contact than for the SnO2(TO) standard. This is also the case for ZnO, and so the Jsc loss is not entirely due to the conduction band offset for CdS. In part it may be, but most of the loss is apparently due to the poorer growth surface these alternate n contacts provide. This appears to result in both interface and bulk recombination losses. In the case of ZnO the high substrate temperature used for CdSe deposition of 550 ºC affects its integrity which is expressed as reduced conductivity. The Jsc losses can likely be overcome with further work, but the modest increase in Voc, which is actually what is expected, is not a significant advantage over TO, so we have turned our efforts more to the p contact.

p-Type Contacts


At this point the p-type contact is a more formidable challenge. Finding a reliable p-type contact to CdTe solar cells is an ongoing effort by all CdTe groups. The contacts that work best contain Cu or Au, and both elements have a tendency to diffuse through the device and cause a loss in performance. Adding to the difficulty in this case is the additional need for the contact to be transparent. There are no known p-type transparent conductors as is the case for the n contact, so a new contact has to be developed to play this role. A primary consideration again is to have proper alignment of the valence band and Fermi level with CdSe.  Two materials that meet some of these criteria that we are pursuing are ZnSe and ZnTe. While the telluride of zinc is normally p-type, the selenide is not. However, there are possibilities for both playing an effective role.
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 Referring to Fig. 2  we note that the valence band of ZnSe aligns well with that of CdSe, and so on this basis it should be an ideal p contact. However, the dashed line in the figure is the p-type  demarcation line[4]. That is, materials whose valence band lies above this line have a tendency to be p-type, while those with valence band below prefer n-type. With its valence band on the line ZnSe can not be expected to favor n-type character, and indeed its normal state is n-type. The same can be said about CdSe, though this is less consequential because it is depleted in the intended MSM structure. ZnSe’s n-type character might come from VSe, however in our case this is countered by depositing a thin layer of Cu, some of which enters the ZnSe and acts as a p-type dopant if CuZn is formed. Compensation between these determines the effective Fermi level which in turn determines the resulting band bending and Voc. The low Voc’s of 300 mV thus indicate that the effective contact energy of ZnSe:Cu is not close to the CdSe valence band. In fact, assuming that the SnO2 contact energy is reasonably close( ~ 300 mV) to the CdSe conduction band would place the contact energy for ZnSe:Cu near the middle of the CdSe band gap. Thus we need to achieve significant downward movement of the ZnSe Fermi level to achieve the desired contact energy to reach the Voc’s of 1 volt that are needed. One approach that we are taking is doping with N. This has been successfully demonstrated under more ideal deposition conditions[5], and we are trying to accomplish the same under the more restrictive processing limitations of the PV industry. We have preliminary results indicating successful incorporation of N, but have not yet demonstrated significant doping. 
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Another approach is to use other contact materials. As seen in Fig. 2, ZnTe is a good choice since its higher valence band encourages p-type character. We have previously reported achievement of 475 mV with ZnTe[3]. This indicates that its contact energy is lower than that of ZnSe. Recently we pushed the Voc up to 575 mV as shown in Fig. 4, a new high. This was accomplished by changing the deposition procedures. First, we had been using a powder source of ZnTe in our CSS deposition reactor. This proved to be difficult to control and generally resulted in low density films. Thus when the Cu contact was deposited on the ZnTe it was easy for some of the Cu to penetrate to the ZnTe/CdSe interface, perhaps as free Cu. This apparently limited the effective contact energy and did not allow the ZnTe itself  control the contact properties.  To overcome this difficulty we started using a ZnTe “brick” as the source material. The source was made by pelletizing the ZnTe powder in a die using a high pressure press. Also, we found it necessary to increase the ZnTe thickness to the 2000 Å range to avoid shunting. This is considerably thicker than the 200 Å thickness used for ZnSe. This suggests that Cu reacts less readily with ZnTe. This may be less of an issue than for ZnSe, since ZnTe is more readily p-type due to native defect Zn vacancies. 

In Fig. 5 we show IV curves typical of our earlier ZnTe devices. As can be seen, there is considerable non-superposition. In this case the effect is favorable in that the Voc is significantly higher than would be expected from the dark IV curve. Comparing with Fig. 4 we see that the effect is still present, though significantly diminished relative to earlier devices. Based upon the noted differences in deposition procedures we expect that this effect is tied to Cu incorporation. Further experiments will be necessary to better understand the underlying mechanisms. 

Another notable aspect about devices with ZnTe contacts is that the Jsc’s are considerably lower than for ZnSe contacts. A typical ZnTe/CdSe QE spectrum is shown in Fig. 6. As can be seen, the QE peaks at about 18% which is considerably lower than typical values of 60 – 70% for ZnSe. The resulting Jsc’s are only about 3 mA/cm2. Since the ZnTe layers are much thicker than ZnSe, and have a lower band gap, 2.2 versus 2.6 eV, some of the loss can be attributed to absorption in the ZnTe. The absorption profile for a 2000 Å thick ZnTe film on glass is shown in Fig. 7. As can be seen, the transmission is about 40% in the 600 – 700 nm region. Comparing this with a QE of about 17% in this region, it is apparent that about have of the Jsc loss might be attributable to absorption in the ZnTe layer. We observe similar losses in Jsc when we replace Cu with Au as the contact on ZnSe. The similarity of these losses in Jsc suggest that interface properties are playing a significant role in current generation. This is supported by AMPS simulations which produce a downshift in the QE spectrum similar to that observed here when defects in the interfacial layer are increased. At this point we suspect that free Cu is making it to the ZnTe/CdSe interface and playing a role similar to that of Au for ZnSe devices. Further experiments are underway to better understand these mechanisms and control them. Some of the mechanisms that we are observing are similar to those caused by Cu (and Au) in CdTe devices. We hope to contribute to resolving those issues as well as to benefit from the work under way in the CdTe community.

CONCLUSIONS
A large band gap, high efficiency, transparent device is needed to enable the development of thin-film tandem devices with efficiency in the 25 – 30% range. With thin-film CdSe as the absorber we have achieved Jsc’s approaching 18 mA/cm2 which is the targeted current needed for these devices. A transmission of 80% to the underlying low band gap cell has also been achieved. With ZnSe contacts Voc’s are typically in the 300 – 400 mV range which is far short of the needed 900 mV. Newly developed ZnTe contacts exhibit Voc’s up to 575 mV which is significant progress. However, the Jsc’s in these devices is low, due, we believe, to interfacial defects. Key to further improvement with these devices is to understand and control doping. Cu seems to be an effective p-type dopant, but only to a point. If not properly bonded, it seems to contribute to interfacial losses. This is a common problem with CdTe devices, and we hope with further effort to overcome this shortcoming. 
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Fig. 1. Band diagram of a depleted CdSe device with transparent contacts.








Fig. 2. Simplified band alignments for CdSe and transparent contacts.





Fig. 3. QE spectra for CdSe devices with SnO2(TO) and CdS n contacts.








Fig. 4. IV curves for a ZnTe/CdSe device indicating a Voc of 575 mV, a new high.








Fig. 5. IV curves for an earlier ZnTe/CdSe device showing non-superposition.








Fig. 6. QE sprectrum for a ZnTe/CdSe device in which the ZnTe layer is 2000 Å thick.








Fig. 7. Transmission profile of a 2000 Å ZnTe film on glass.











