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Studies of electroluminescence (EL) and photoluminescence (PL) in differently processed cells CdTe cells

Previously we have reported some differences in the EL and Pl spectra obtained from the same small area of a cell, as well as some features of the spectra that supposedly could be attributed to Cu related defects [1, 2]. Here we present results of new comparative studies on differently processed cells: (a) cells intentionally doped non-uniformly with Cu and subjected to wet or dry treatments with CdCl2 of different purity;(b) prepared at CSU with and without Cu-doping;. The description and discussion of these results are preceded by the section describing the effect of excitation level on the luminescence spectra. This study was aimed at determining conditions making specific features of interest more prominent and also improving the possibility to compare our results with those of other authors. 

1. Effect of injection level.

These studies were conducted on the cells fabricated on FS CdTe/CdS material, with a 

vapor CdCl2 treatment applied at NREL (D. Albin), and with a Cu/Au back contact applied at CSM. To reveal more spectrum details the measurements were done at low temperature, nominally of 
[image: image49.wmf]1.2

1.3

1.4

1.5

1.6

1.7

100

120

140

160

180

200

220

240

EL Intensity (Counts)

Energy (eV)

 CSU 6550-3, with Cu, good

 CSU 13054-3, no Cu, poor

. Actual cell temperature could be somewhat higher due to heating by the laser beam or injected current, especially at enhanced excitation levels. 


For PL studies the 1.9 eV HeNe laser was used with a power on the order of 
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 which was attenuated with a set of neutral density filters. The data in Fig.1 are normalized by the main PL peak (
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which is usually attributed to the donor acceptor pairs (DAP). The low energy feature (~1.25 eV) is most pronounced at low power and diminishes significantly toward higher power. With increasing power the band edge features (
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increase significantly with respect to the DAP peak. A slight shift in the latter is seen but it is unclear whether it is a true shift or simply due to contributing features on either side. 
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Fig.1. Photoluminescence spectra for varying laser power


The study of the injection current effect on EL was performed on the same cells and at the same nominal temperature. Integrated and spectral electroluminescence was studied in the current density range up to 
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, although usually we work at lower currents (
[image: image6.wmf]2

/

20

10

cm

mA

-

). Consistent with our previous, higher injection rate, studies at room temperature EL intensity was proportional to the injection current density (see Fig.2).
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Fig.2. Integrated EL intensity vs. injection current density

Spectral dependence on injection level (Fig. 3) was not as strong as for PL. It should be mentioned however that in EL studies the excitation level varied less than by two orders of magnitude, whereas for PL it varied by about 5 orders of magnitude.
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Fig.3. EL spectra at different injection currents
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When comparing the PL and EL spectra we always face the problem that PL is measured in light at open circuit, whereas EL is measured in dark under forward bias. Variations in the laser intensity cause variations in the CdTe band bending and depletion width, which affects the PL intensity due to separation of photo-generated carriers by electric field. To estimate possible influence of this effect on our measurements we have studied the dependence of PL intensity and spectrum on bias applied to a cell. Laser power was not attenuated, thus the PL signal was orders of magnitude above the EL signal in the same bias range which implied negligibility of the EL contribution to measured luminescence. The PL spectra at different biases from 
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are presented in Fig. 4.





Fig.4. PL spectra at different bias voltages applied to the cell

Integrated PL intensity was not considerably affected by bias with the exception of a small decrease for 
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. As to the PL spectrum, the only significant effect seen is the suppression of the band edge emission at higher forward bias (FB). The same effect is seen in the EL spectra at higher currents/FBs (Fig. 3). Since in our routine measurements we use much lower laser power, the effect of bias on PL can be neglected.

2. Cells intentionally doped nonuniformly with Cu
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In our previous reports [1, 2] we have presented studies of cells intentionally non-uniformly doped with Cu to clarify the role of Cu in non-uniformity of the EL and PL images. The cells were prepared on FS material with the Au/Cu back contact using a standard procedure, except that Cu was evaporated on the CdTe surface in small dots trough a mask. Cu dots underneath the Au were 
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 apart, center-to-center, and occupied ~15 % of the cell area, with only a Au contact for the remainder (Fig. 5A). 

Fig. 5. (A) Schematics of patterned Cu doping. (B) EL images at 150 K and 70 K. EL intensity from black areas of the images was slightly less than half the intensity of brighter areas.

The major goal was to provide a non-uniform back contact since doping with Cu improves its quality. Indeed, the contact averaged “series resistance” estimated from the dark I-V curve was much higher for the Au back contact than for the Au/Cu contact and was somewhere in between for the Au/Cu-dotted contact. The EL images taken from the Cu-dot cells demonstrated much brighter luminescence from the Cu-doped areas at room temperature whereas the measured PL intensity spatial distribution was flat. These facts were considered as confirmation of our concept that the nonuniformity in EL over the cell area comes mostly from nonuniform current density which in turn is caused by non-uniform back contact resistance.

PL spectra from the Cu-doped area measured with laser power of 
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, demonstrated, in addition to the band edge related features (1.53 eV) and dominating DAP peak (1.38 eV), also well distinct three peaks at 1.3, 1.25, and 1.22
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was even higher than the DAP peak. The “non-Cu” spectra had also these features, but 
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peaks were weaker than for the “Cu” area, while 
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 peak was of the same magnitude. EL spectra from “Cu” area also had these low energy peaks. EL signal from “non-Cu” was too small to make reliable conclusions. It seemed reasonable to attribute the 1.
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 peaks to some Cu-related defects. A possible origin of the first one is the CuCd defect (
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 [3]), then the second can be its phonon replica (the longitudinal optical phonon energy in CdTe is close to 0.03 eV). If so, the origin of the 1.3 eV peak stays unclear though one has to explain its connection with the Cu-doping.  

This level attribution presumably has been supported by one more experimental result. To increase luminescence intensity and improve spectral resolution we conduct measurements at reduced temperatures (up to ~ 40 K). Cooling consistently led to inversion of the EL pattern at low temperature: the Cu-dot areas became darker than the inter-dot areas (Fig.5B), whereas PL spatial distribution does not show any correlation with the Cu-dot location (Fig.6). 
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Fig. 6. EL and PL line scans from dashed line in 70 K EL image in Fig. 5(B). The scans are integrated over photon energy. EL correlates with the location of Cu whereas PL does not.

The inversion occurred at about 100 K, where bias dependent capacitance in uniformly Cu-doped cells indicated freezing-out of free carriers. An explanation of the EL pattern inversion was proposed by S. Feldman [2]. The Cu dopant that occupies Cd sites reduces concentration of Cd vacancies, VCd, and controls free hole concentration. In “no-Cu” region it is controlled by Cd vacancies whose acceptor level is shallower than that for CuCd. Thus with reducing sample temperature the depletion of free holes occurs first in the CuCd – dominated regions, making the “Cu-free” regions with higher VCd density the dominant paths for current and EL sources. 

If the attribution of optical transitions is correct, we still have to explain the fact that in “no-Cu” areas the Cu-related peaks were also observed, though of lower magnitude than in the “Cu” area. One reason for the difference being so subtle was presumed to be Cu contamination throughout the cell (both on intentionally doped and non-Cu regions). A major source of Cu contamination could have come from the CdCl2 treatment, which was performed at FS, as Cu is a known contaminant of CdCl2. In order to minimize contamination, and hopefully increase the contrast between non-Cu and Cu-doped regions, we repeated the luminescence studies on cells treated with 99.999% pure CdCl2, nominally containing 0 ppm Cu. This treatment was done on FS material through a dry vapor method by D. Albin (NREL) with back contact applied at CSM. 


Change in CdCl2 purity and method of treatment (dry vapor instead of wet) changed the EL and PL patterns and intensity (see Fig 7). However, results were not consistent with from cell to cell. Though all cells showed bright Cu dots at room temperature, in some cells the EL pattern inverted at low temperature (see Fig. 7b), in some cells the pattern did not invert (see Fig. 7a), and in some cells the pattern of Cu dots practically disappeared completely (see Fig 7c). Changes in spectra correlated with these changes in pattern. The EL spectra were more sensitive to differences between “Cu” and “non-Cu” regions than the PL spectra.
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Fig. 7.  EL and PL spectra from the cells treated with pure CdCl2

Though the fact that a pattern exists indicates that EL was subject to different injection conditions in “Cu” and “non-Cu” regions, data presented above (Fig. 3) indicates that differences seen here could not be solely due to variation in excitation level. The cell showing the greatest contrast due to Cu is presented in Fig. 7a. Here magnitude of EL from the “Cu” region in the low energy range is higher than the DAP magnitude contrary to the “non-Cu” EL. In “Cu” regions the EL peak also seen at 1.45 eV that can be attributed to the VCd relatively shallow acceptor level or to interstitial Cu (shallow donor). Again note, the EL image at the left side of Fig. 7a shows that bright integrated EL comes from “Cu” region, whereas for cells subjected to wet CdCl2 treatment at FS, the Cu-dots always look darker at the low temperature EL images. 

3.
Cells processed with and without Cu doping.

To make sure that specific low energy features of the luminescence spectra are Cu-related 

we studied cells undoped and doped with Cu. These cells were fabricated at CSU and were studied at their request. We are not familiar with the details of processing, in particular with the exact meaning of terms used by our CSU colleagues: “poor” and “good” CdCl2 treatment. What we know is that the former provides cells of lower efficiency than the latter. The cells we studied were: “Cu + good CdCl2” or “no Cu + poor CdCl2”. It is still hard to separate exactly influence of Cu and CdCl2, but the differences observed in spectra (see Fig. 8) are remarkable

and qualitatively correspond to our expectations. [image: image38.wmf]1.2
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Fig. 8.  Comparison of the luminescence spectra for cells with and without Cu doping:

PL (left) and EL (right)

The cells were characterized at nominally 40 K; laser power was approximately 10 mW/cm2 ; injection current for EL measurements was 17 mA/cm2. Spectrally, PL from the two cells is very similar. The major difference is an approximately two times higher integrated PL intensity from the Cu containing cell. No band edge features were seen, but that might be due to the low injection rate (section 1).


Integrated EL intensity was slightly higher from the Cu containing cell. Spectrally the cells did not resemble each other at all. The non-Cu cell shows emission in one relatively sharp peak centered at ~1.43 eV, likely DAP emission but shifted right from the DAP peak in PL by ~0.05eV. The Cu containing cell has a dominant feature (DAP) at the same energy as the PL peak. In addition to DAP, in “Cu” cell we see two prominent peaks of the same energy as for the Cu-dotted cells: 
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. Since they are well seen in the “Cu” cell while absent in “non-Cu” one, it seems reasonable to ascribe them to the Cu-related states. Thus the results of this study provide an additional support to the level attribution. 

4.
Conclusions and perspectives of future studies

· Measurements of PL on CdTe cells at very low excitation levels (below 10mW/cm2) are 

beneficial for detection and studying low energy, presumably Cu-related, levels. Cooling to very low temperatures does not necessarily provide the most informative spectra. For example, low energy peaks in the PL spectra obtained at T=150 K were much more pronounced than in those obtained at ~ 40 K. Low irradiation power excludes any considerable warming of the sample.

·   Electroluminescence also could be successfully mapped and measured at low injection current densities, in the range around 10 mA/cm2. Providing well spatially and spectrally resolved luminescence, low currents allow us to avoid any remarkable Joule heating.

·   Low temperature PL and EL spectra (not always both of them) revealed low energy 

transitions at photon energies of 1.3, 1.25, and 1.22 
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. Being most prominent in the spectra obtained on Cu-doped cells or the doped cell portions, these features are likely originated from the Cu-related defects. In particular, any of the first two may be attributed to CuCd defect with the level in energy range of 
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 in a good agreement with the data in [3]. 

·   Purity of CdCl2 and/or the method of CdCl2 application (wet vs. dry) affects Cu 

manifestations in PL patterns and spectra and much more those of EL. Although the studies of this kind are in the very beginning, there are grounds to believe that their development can provide new material for better understanding of electronic properties of Cu- and Cl-related defects, such as CuCd, Cui, ClTe. They also can help clarify interaction of the defects, influence of doping with Cl and Cu on the VCd density as well on concentration and electronic structure of complexes, such as VCd-ClTe. 

·   We continue PL and EL mapping and thorough studies on differently processed and 

stressed cells in conjunction with the electrical characterization based on admittance spectroscopy and transient measurements aimed at detection and studying deep level defects, their generation, migration and mutations. In particular, by using these techniques we have revealed the states in the energy range of 
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in the cells fabricated at FS, NREL, FS+CSM, all doped with Cu. All these states have capture cross section ~10-15 cm2 and presumably can be attributed to CuCd. Both activation energy and capture cross section vary within some limits upon variation of processing. 
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