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The objective of this project is to link microstructural and microchemical features of device-quality Cu(In,Ga)Se2 to the performance of resulting solar cells.  At this point we are focusing primarily on a series of samples received from IEC. Samples were provided as completed devices with CdS junctions and transparent oxide top contacts.  These samples allow comparisons of single and bilayer device behaviors at standard deposition temperatures as well as comparing high and low deposition temperatures. Therefore, it is of interest to examine the microstructure and microchemistry of these samples, in order to understand how the temperature and process determine these and to correlate this with the performance of the solar cell devices.  Details of the preparation and characterization of these devices may be found in W.N. Shafarman and J. Zhu, Proc. Mat. Res. Soc. Symp., Spring 2001, San Francisco.

In the previous three reports, the microstructure and microchemitry of sample 1 (low temperature, bilayer), sample 2  (high temperature, bilayer) and sample 3 (high temperature, uniform process) were described in both plan-view and cross-sectional samples.  In addition to the previous three samples, IEC has now provided a fourth sample that was grown at low temperature by the uniform process (sample 4).  This report focuses on sample 4.  We have completed preparation of both plan-view and cross-sectional samples and the results are as follows.

1.  Microstructure of IEC sample 4

Figure 1a is a typical plan-view image showing the microstructure of sample 4.  It is evident that the CIGS film is polycrystalline, similar to other three samples. No second phase regions were found in the film. Although the grain sizes might vary grain to grain, most grains are about 0.4(m in diameter, which is close to the grain size of sample 1, the bi-layer sample grown at the same temperature. Hence, it is concluded that the growth temperature determines the grain size as one might expect for a diffusion-limited growth process.  Some voids, mostly at the grain boundaries are found within the film, as can be seen from figure 1b. The interior surface of some of these voids is covered with thin layers which show contrast different from the grains.  This was identified as CdS as described below.

A significant difference between samples 1 and 4 (both were grown at low temperature) is that the uniform process produces denser films.  Taking IEC samples 1-4 together, we note that numerous voids are consistently observed in the bilayer samples and not in the single layer material (although occasional voids do occur in the low temperature sample 4).  This observation shows that the voids are not related to the kinetics of film growth (i.e.: surface diffusion) but rather are the result of the reaction between the In-rich and Cu-rich materials.  During this reaction, the initially Cu-rich material, presumably consisting, at least at high temperatures, of a two-phase mixture of Cu2Se and Cu(In,Ga)Se2 reacts with the In, Ga, and Se atoms arriving at the surface to produce group III-rich CIGS.  The reaction involves In and Ga diffusion into the underlying material without a counter-flux of atoms outward.  Therefore, vacancies must diffuse along with the In and Ga as in the classical Kirkendal effect.  The voids are therefore concluded to be Kirkendal voids as are observed at the interface of CIGS with GaAs substrates.  In the latter case, a similar behavior involving diffusion of a group III element into the CIGS occurs without a counterflux of atoms.  We believe that this result is completely general and that multistep processes for forming CIGS result in high vacancy fluxes and therefore to Kirkendal voids in the films.  Such moving vacancies can greatly enhance atomic transport in the films and, more importantly, can organize point defects in the materials.  Therefore, we suggest that voids in the films, far from being undesirable, may actually be one signature of a good film.
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Further study shows that a higher density of twins occurs in the low-temperature films than in those grown at high temperatures, as would be expected for growth twins, rather than for mechanical twins.  The width of the twins is very small and many twins begin from the grain boundaries.  Many thin twin plates are close to the edge-on position, indicating that {112} planes are nearly parallel to the film normal and again, consistent with these being growth twins. 

Quantitative EDS was applied to study composition variations in the film.  Random positions were probed in the interior of grains, and grain boundaries were line-scanned in order to compare the compositions of grain boundaries and bulk.  The results from the bulk and grain boundaries are together presented in Figure 2, which focuses on the central part of the ternary phase diagram.  It is found that the composition of grain boundaries and bulk do not show significant differences. All data are close the stoichiometric position: the average of about 400 bulk data is 23.9%Cu, 21.1%In, 5.4%Ga, 49.5%Se, which is quite close the nominal composition provided by IEC, 24.1%Cu, 19.5%In, 6.5%Ga, and 49.9%Se. The Ga/(In+Ga) ratio is about 20%, lower than that of previous samples. 
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The grain boundaries at voids were also scanned.  It was found that the voids at grain boundaries were covered with CdS layers.  Furthermore it was found that when CdS was present the Cu signal did not decline as completely in the EDS signal as did the Se and group III elements, suggesting that Cu was diffusing into the CdS in the grain boundaries. Figure 3a is a bright field image of a grain boundary including voids in the left-hand portion of the image.  EDS probe positions are marked on the image as well. Figure 3b gives the corresponding EDS results.  CdS was found at the edge of the voids but not in dense grain boundaries.  To confirm the observation of CdS, elemental mapping techniques were employed to study the composition variations at grain boundaries. Figure 4 show a series of elemental maps of S, Cd, Cu, Ga, Se as well as a bright-field image.  S and Cd appear at the grain boundaries, while Se and Ga are absent at the edge of voids, but their contrast is homogenous across the dense grain boundary, indicating no significant difference between the dense grain boundary and the bulk. The contrast of the Cu map is complex. At the edge of voids its contrast is not as sharp as for Ga and Se, indicating more Cu in the void where the Cd and S are present. In the dense grain boundary, unlike the Ga and Se maps, the Cu signal is lower than in the grain, indicating that Cu depletion might occur in this part of the grain boundary.  Taken together with the results of many dense grains and grain boundaries we conclude the following.  

1. In a dense grain boundary far from a void, no chemical difference occurs between the grains and the grain boundaries.

2. When CdS dip coating has been applied to samples, voids and underdense grain boundaries are filled with CdS even far into the sample.
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When CdS fills voids and open grain boundaries, Cu may diffuse out of surrounding boundary length or out of the underlying surface in the case of the heterojunction, leading to establishment of a Cu-poor region.  This interaction of the dip coating process with the surface chemistry of the CIGS may explain some of the benefits of the dip coating method and the need for CdS for a good junction.  CdS has long been known to accept Cu by diffusion from CIGS.  However, if other heterojunction partners are used (e.g. ZnSe or ZnS) then Cu outdiffusion may be less likely and an In-rich heterojunction may not be established.
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2. The cross-sectional analysis

Fig. 5a is a typical bright field image of the cross-sectional image of sample 4.  Consistent with the plan-view sample analysis, the grain size is smaller than the high temperature samples. Most grains show the plate-shape. Unlike for the high temperature samples, the grains, although longer along the growth direction, do not grow span the entire distance from the Mo layer to the CdS, as indicated the slightly changing of orientation of the twin planes. The film is fully dense, without voids as was observed in plan-view.  A high density of twins was found in the grains with many nearly parallel to the film normal, indicating that the grain orientations of the low temperature film are different from the high temperature ones.  In the low temperature material the orientation is relatively random, as might be expected.

Figure 5b shows a low magnification image of the interface between the CdS and CIGS.  The roughness of film surface is near 50nm. Compared to the previously-studied samples, the roughness of the CIGS film surface is smaller than for the bilayer samples.  However, it is larger than for the single layer sample processed at high temperature with the uniform process. 
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Figure 5. (a) The cross-sectional image of film reveals that the film consists of fine grains; (b) The rough interface between CIGS and CdS; the contrast of twin planes vary from grain to grain.  

Similarly, the composition of the film was investigated by quantitative EDS.  The rear, center and surface parts of the films were scanned separately along lines parallel to the substrate surface in order to study the composition profile of the films in two dimensions. The central part of the ternary phase diagram plotting the results is shown in Figure 6.  There is no significant difference between the average values for the three regions of the film, although the scatter in the data near the back of the film is larger.  This scatter was found to be the result of voids and irregularities near the substrate surface.  Compared with the low temperature bilayer sample, the uniform process does create significant variation in the cross-sectional composition. In addition, the surface of low temperature sample does not show the Cu-depletion surface as do the high temperature samples.  

3. Summary and further proposal

In this quarter we investigated IEC sample 4, which was grown by the uniform process at 400(C. The efficiency of this sample is lower than the previously investigated samples. The microstructure investigation shows that sample 4 is a typical polycrystal film, with grain size being about 400nm. Occasionally voids are found at grain boundaries although their density is far lower than in the bilayer materials. The interior surfaces of these voids can sometimes be coated with CdS.  Cross-sectional study shows that the film is dense, and the surface is not rough. EDS measurements show that the film composition is homogeneous. The primary results concerning on four IEC samples are summarized in the attached table.
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Figure 6. The cross-section investigation of composition of film (a) ternary plot of composition, (b) The enlargement of center of (a).


Up to now, we have studied the microstructure and microchemistry of four samples which were processed at low and high temperature. In the following months, we will shall conduct more detailed investigation of these films, in particular about the impurities. The schedule for next quarter is:

1. To clarify the interfacial structure between CdS and CIGS, we shall conduct a HREM study the interface between CdS and CIGS of all samples.

2. To refine the composition profiles at the CdS/CIGS interface, and to apply for the elemental mapping technique to study the possible diffusion at the interface.

3. To refine the composition profiles at the grain boundaries, in particular to focus on the light elements such as O and Na. We shall apply the EELS technique.

Table1:  Comparison of two kinds of IEC samples investigated in this work
	
	IEC sample1 
	IEC sample 2
	IEC sample 3 
	IEC sample 4

	Structure
	ITO/ZnO/CdS/CIGS/Mo/Glass
	ITO/ZnO/CdS/CIGS/Mo/Glass
	ITO/ZnO/CdS/CIGS/Mo/Glass
	ITO/ZnO/CdS/CIGS/Mo/Glass

	Efficiency
	13.7%
	16%
	15.9%
	<10%

	Growth Temperature
	400ºC
	550ºC 
	550ºC
	400ºC

	Process
	Two stages
	Two stages
	Uniform
	Uniform

	Microstructure
	1:Grains ~0.5um

2:High density of voids, in particular at GB areas
	1:Grain size: ~1um 

2: Occasional voids in both grains and at grain boundaries
	1: Grain size: > 1 um

2: almost free of voids
	1:Grain size: ~0.4um 

2: Some voids found at GB areas occasionally

	Composition
	1:Cu24.5(Ga7.3In16.2)Se52 

2: CdS at many GBs
	1:Cu23.5(In18.1Ga7.6)Se51.1
2: CdS at GBs occasionally 
	1:Cu23.5(In17.6Ga7.5)Se51.5
2: no CdS found at GBs
	1:Cu23.9(In21.1Ga5.4)Se49.4
2: CdS occasionally at voids GBs

	Film surface
	Roughness about 100nm 
	Better than low T, bi-layer sample
	Flat, best.
	Roughness less than 50nm, better than bi-layer samples.

	Grain orientation
	Random
	Random
	Near {112}
	{112} nearly parallel to film normal 

	Interface between CdS and CIGS
	Not well defined
	Clear in many grains
	Well defined in many grains
	Clear in many grains
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Figure 2. The EDS measurement results of composition from the plan-view prepared from sample 4.
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Figure 1. Plan-view study of the film microstructure: (a) an overview image of polycrystalline film, showing that film consists of grains of about 400nm; (b) a void at the grain boundary that is covered by a thin CdS layer.  
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Figure 4: Elemental mapping technique reveals the composition variation at the grain boundary, in particular the Cu mapping showing the Cu variation.
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Figure 3 The composition variation at the grain boundary. (a) A figure showing the probing position. (b) The EDS line scanning showing the composition variation at the grain boundaries.


























