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Thin-film solar cells based on polycrystalline CdTe, Cu(In,Ga)Se2 (CIGS), and Cu2ZnSnSe4 (CZTSe)
have demonstrated high solar-to-electricity conversion efficiencies [1]. Typically, polycrystalline thinfilm solar cells are expected to exhibit poor performance compared to their single-crystalline
counterparts, due to the existence of unavoidable structural defects such as dislocations and grain
boundaries (GBs). It is surprising, therefore, that CdTe-, CIGS-, and CZTSe-based polycrystalline thinfilm solar cells have achieved higher efficiencies than their single-crystalline counterparts.
Here, we present our results on the study of the atomic structure and electronic properties of structural
defects including stacking faults, twins, dislocations, and GBs in CdTe, CIGS, and CZTSe using a
combination of aberration-corrected scanning transmission electron microscopy and first-principles
density-functional theory calculation. Polycrystalline CdTe thin films were grown by closed-space
sublimation, whereas CIGS and CZTSe thin films were deposited by co-evaporation. Atomic resolution
scanning transmission electron microscopy (STEM) images were acquired with Nion UltraSTEM 100
and 200 microscopes. DFT calculations used the local density approximation with the Hubbard U
correction. We found that intrinsic GBs in CdTe, CIGS, and CZTSe create deep levels mainly due to the
anion-anion “wrong” bonding. However, these deep levels can be removed through extrinsic and/or
intrinsic passivation. Special intra-grain partial dislocation pairs can even help separate photo-generated
carriers and adjust recombination.
Figure 1 shows the atomic configuration of several partial dislocations observed within CdTe grains. As
Te is slightly heavier than Cd, we are able to distinguish them from their image intensities [2]. The small
blue and large yellow circles indicate Cd and Te columns. The red box in Fig. 1(a) indicates an intrinsic
stacking fault, while the red boxes in (b) and (c) indicate extrinsic stacking faults. Figure 2 (a) and (b)
show the supercells containing the observed Cd and Te cores. The calculated band structures and density
of states (DOSs) in Fig. 2(c) and (d) show how the Cd core acts as a shallow donor and the Te core acts
as a shallow acceptor. When these two cores form a partial dislocation pair, the Cd core will transfer one
electron to the Te core. As shown in Fig. 2 (e) and (f), the charge transfer causes band bending, which
helps separate photo-generated carriers and avoids their recombination [3]. However, GBs exhibit much
different behavior. Figure 3(a) and (b) show the Z-contrast image of a 3(112) GB in CdTe and the
derived atomic structure, respectively. This GB contains strong Te-Te “wrong” bonding, which leads to
deep defect states in the band gap of CdTe and therefore is detrimental for carrier separation and
collection (Fig. 3(c)). However, Cl segregation at the GB can fully passivate the defect states. In CIGS
and CZTSe, intrinsic GBs are also found to create deep defect states, which can also be passivated.
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Figure 1. Z-contrast images show the partial dislocations at the ends of stacking faults. (a) Shockley
partial dislocation pair: A single Cd and Te column at each end of an intrinsic stacking fault. (b) Two
unpaired Cd columns in a Shockley partial dislocation at the end of an extrinsic stacking fault. (c) A
Frank partial dislocation at the end of an extrinsic stacking fault.

Figure 2. Supercells containing (a) a Cd core and (b) a Te core of an extrinsic stacking fault. Band
structure and DOS of individual cores: (c) Cd-core; (d) Te-core. (e) Calculated charge density maps
associated with the gap states just above and just below the Fermi level marked in Fig. 2(c). (b)
Schematic showing the band bending caused by the charge transfer from the Te core to the Cd core.

Figure 3. (a) Z-contrast image of a Σ3(112) GB in CdTe; (b) Atomic-structure derived from the
Z-contrast image; (3) Calculated electronic properties of the GB seen in Fig. 3(a).

https://doi.org/10.1017/S1431927614004292 Published online by Cambridge University Press

