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ABSTRACT 

 

 
 

The best research-cell efficiencies for CdTe thin-film solar cells have recently increased 

from 17.3% to 20.4%. Despite these impressive recent gains, many improvements in device 

technology are necessary to reach the detailed-balance efficiency limit for CdTe-based (single-

junction, non-concentrator) solar cells of ~32%. Improvements will increasingly rely on 

knowledge of the fundamental relationships between processing, electrical properties of defects, 

and device performance. In this study, scanning electron microscope (SEM)-based 

cathodoluminescence (CL) spectrum imaging was used to examine these fundamental 

relationships. In CL spectrum imaging we collect a spectrum per pixel in a 256 × 256 pixel SEM 

image by synchronizing a cryogenic silicon charge-coupled device with the electron-beam 

positioning. High spatial resolution photon energy maps obtained with this technique can reveal 

intricate luminescence phenomena that are not apparent in spectroscopic data. 

CL spectrum imaging was performed at 𝑇 = 25 K on the back surface of CSS-deposited 

CdTe thin-films in a CdTe/CdS/SnO2/glass configuration without back contacting. Both as-

deposited and CdCl2 vapor-treated samples were analyzed. Luminescence emission is detected 

(bands) at ~1.32 eV and ~1.50 eV, which are consistent with Z- and Y-bands. The importance of 

the Z-band to CdTe solar cells is discussed. For the grains in the as-deposited films, there is a 

significant redshift in the transition energies near the grain boundaries. For the Z-band, this 

behavior is due to the effect of the high GB recombination velocity (𝑠𝑋~10
4
 cm/s) in as-

deposited CSS films on the donor-acceptor pair transition mechanism. The concentration of the 

shallow donor species participating in the Z-band transition was estimated to be ~10
17

 cm
-3

. 
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Based on this estimate, and the spatial correlation between the Z-band and the A-center (VCd-

ClTe) complex transitions, ClTe is proposed as is the shallow donor species. 
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1 INTRODUCTION: CRYSTALLOGRAPHY, COMMON DEFECTS, AND 

MICROSTRUCTURE OF CdTe THIN-FILMS USED IN SOLAR CELLS 

1.1 Abstract 
 

Extended defects in semiconductors represent formidable obstacles to the efficient 

conversion of sunlight into electricity. Thin-films used in CdTe solar cells are particularly 

susceptible to high concentrations of dislocations, stacking faults, twin boundaries and (as they 

are polycrystalline in nature) grain boundaries. A historically used heat treatment with CdCl2 

after film deposition greatly improves solar cell efficiencies and it is believed that this is due to 

the reduction in dislocation densities and passivation of the grain boundaries caused by the 

treatment. An understanding of this process at a fundamental level remains to be elucidated. This 

chapter focuses on the crystallography of CdTe and the structure of its extended defects that are 

accepted by the CdTe research community thus far. This background knowledge is then shown 

to be useful in the comprehension of a journal article from others on transmission electron 

microscopy of CdTe and with the analysis of electron backscatter data. 

1.2 Introduction 
 

CdTe and its close relatives Hg(1-x)CdxTe and Cd(1-x)ZnxTe are important semiconducting 

materials used in optoelectronic applications; the former is used in thin-film solar cells and the 

latter two are used in radiation detectors. Thin-film CdTe solar cell modules have been a major 

player in the terrestrial photovoltaic (PV) market because of their low cost of production, despite 

the fact that they have lower efficiencies than their silicon-based counterparts. However, 

recently, the cost of silicon-based modules has plummeted because the cost of silicon feedstock 

has fallen dramatically and because economies of scale (namely those in China) have driven 

down silicon module production costs significantly. Therefore, without the advantage in 
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production cost, the efficiencies of CdTe-based modules will have to meet or exceed the 

efficiencies of silicon-based modules in order to remain competitive in the solar PV market.  

The foremost obstacle in the way of achieving higher efficiencies in CdTe PV technology 

seems to be that CdTe thin-films are polycrystalline in nature and have grain boundaries with 

which to contend. Grain boundaries are known to be harmful to device electrical characteristics 

and performance. Thus, much of the research efforts aimed at improving CdTe device 

efficiencies have targeted strategies for “passivating” grain boundaries
a
, or rendering them 

electrically inactive. One such strategy involves a post-deposition annealing step with CdCl2 

(called the “CdCl2 treatment”). Until relatively recently the effects of the CdCl2 treatment on the 

structural and chemical properties of the films (on micro-, nano-, and atomic scales) have 

remained largely undiscovered. Researchers have assumed (more-or-less blindly) that because 

the device performance (macro-scale electrical properties) increases after the CdCl2 treatment, it 

must be passivating the grain boundaries and decreasing the density of other efficiency limiting 

defects (such as point defects, dislocations and stacking faults) within the grains. However, the 

proof of these assumptions and the specific passivating mechanisms at play remain somewhat 

mysterious. In addition, because there has been much success in improving the efficiency of 

CdTe devices simply by optimizing production processes (not unlike perfecting a culinary 

recipe), there has been little need (until now) to understand the fundamentals of how the 

structural and chemical properties of films evolve during processing or how these properties 

conspire to effect device performance. It is now believed that the efficiency of CdTe solar cells is 

reaching the limit attainable by empirical optimization methods alone. Hence an understanding 

of these fundamentals will have to play an increasingly important role in film development. 

                                                      
a
Grain boundary passivation is the grain boundary analog of surface passivation for semiconductors, e.g., a SiN 

layer is deposited on surfaces of silicon solar cells to reduce the surface recombination velocity. 
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This paper will focus on the known structural properties of CdTe (not necessarily specific 

to thin-films) and on a couple of the experimental techniques that are used to investigate them: 

electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM). Section 

1.3 presents a general discussion on the crystallography and the common structural defects of 

CdTe which include stacking faults (intrinsic and extrinsic) and partial dislocations, twins and 

grain boundaries. Many of these features have been identified in TEM. Emphasis will be placed 

on grain boundaries between coincident site lattice (CSL) related grains, some of which are 

especially prevalent in CdTe and can be experimentally identified with EBSD. As a matter of 

fact, the special symmetry of CSL grain boundaries can endow them with better electrical 

properties than general grain boundaries, representing an additional point of motivation for the 

investigation of these boundaries.
b
 Section 1.4 will present case studies on EBSD and TEM of 

CdTe thin-films deposited by close-spaced sublimation and Section 1.5 will summarize. 

1.3 Crystallography and structural defects in CdTe 
 

CdTe has the sphalerite or zinc-blende crystal structure with point group symmetry 4̅3𝑚 

and space group symmetry 𝐹4̅3𝑚. A unit cell of the structure can be seen in Figure 1.1 below. 

The Cd atoms (light) occupy the corner and face-centered sites and the Te atoms (dark) are at 

sites displaced one-quarter of a body-diagonal, or 1

4
[111] from the first.

1
 Thus, the Bravais lattice 

is face-centered cubic with a basis of Cd at (0,0,0) and Te at (1

4
, 1

4
, 1

4
) and there are four formula 

units per unit cell. The point group symmetry can be recognized by applying the symmetry 

operations to the numbered Te atoms in the figure. The 4-fold inversion about 〈100〉 brings the 

atom in position 1 to (an equivalent) position 2; the 3-fold rotation about 〈111〉 brings 1 to 3 and 

                                                      
b
Specifically, the enhanced symmetry at CSL boundaries produces less electronic states within the bandgap of the 

CdTe which act as recombination centers for charge carriers (electrons and holes). 
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3 to 4; and the mirror through 〈110〉 brings 3 to 2 and 1 and 4 are brought onto themselves. The 

same operations could be shown to apply to the Cd atoms. It can be observed that this structure is  

 

Figure 1.1 The sphalerite crystal structure of CdTe. The structure is FCC with basis atoms 

Cd at (0,0,0) and Te at (1

4
, 1

4
, 1

4
). 

 

the same as the diamond crystal structure except that the (1

4
, 1

4
, 1

4
)-type positions are occupied by a 

different kind of atom. Each atom is tetrahedrally coordinated with four atoms of the opposite 

kind. 

The sphalerite structure is non-centrosymmetric (i.e., it has no inversion center) which 

can be seen in Figure 1.1 and gives rise to the “polarity” of materials with this structure. One 

consequence of this crystallographic polarity is that the structure of opposing planes belonging to 

certain plane families, e.g., plane (111) and (1̅1̅1̅) from the family {111}, is not equivalent.
 c,1

 

This is clearly evident from Figure 1.2. The stacking sequence of close packed {111} planes is 

also apparent in Figure 1.2. The sequence is the same as it is in the FCC structure except that the 

                                                      
c
Hence there must be eight {111} polar variants.  

1 

2 
3 

4 
x 

y 

z 
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order of the planes alternates between planes of Cd atoms and Te atoms. Thus the stacking 

sequence is: AαBβCγAαBβCγ… where A, B, and C denote planes of Cd atoms and α, β, and γ 

denote planes of Te atoms. 

 

Figure 1.2 The (111) surface terminated with Cd atoms and the (1̅1̅1̅) surface terminated 

with Te atoms. The close-packed stacking sequence is AαBβCγAαBβCγ… 

 

Figure 1.2 shows the convention for labeling polar planes: the (111) planes are taken to 

be A atom or Cd terminated (i.e., (111)Cd) whereas the (1̅1̅1̅) planes are taken to be B atom or 

Te terminated (i.e., (1̅1̅1̅)Te).
2
 This means that the chemistry and electronic properties of {111} 

surfaces or interfaces depends on the type of terminating atom.
d
 Other planes such as {211} and 

{311} are also polar, and, in general, the degree of polarity of a particular plane is described by 

the polarity index
2
: 

𝑃 =
𝑛𝐴−𝑛𝐵

𝑛𝑇
      (1.1) 

                                                      
d
It is usually assumed that these surfaces are composed of only one of the atom types. 
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where 𝑛𝐴, 𝑛𝐵, and 𝑛𝑇 are the numbers of Cd, Te, and total atoms per unit plane area. Using this 

index, the (110) and (001) planes can be shown to be non-polar (𝑃 = 0). On the other hand, the 

directions [11̅0] and [110] on the (001) planes are polar. 

 Relative to other semiconductor materials (e.g., Si, Ge, GaAs, etc.), CdTe has low 

thermal conductivity and critical resolved shear stress (CRSS) which means that during growth, 

crystals are subject to large thermal stresses which can easily exceed the CRSS for slip.
1
 This 

predisposes CdTe (almost regardless of the growth method) to contain high concentrations of 

structural defects, including grain and twin boundaries, intrinsic and extrinsic stacking faults, 

dislocations and point defects. 

 The slip systems for CdTe are of the form 〈110〉{111}; thus, dislocations have Burgers 

vectors, 𝒃 = 1

2
〈110〉 which are at an angle of 60° to the dislocation lines vectors, 𝒍. Because 

CdTe has low stacking fault energy, these dislocations are often broken up into partial 

dislocations such as
2
: 

1

2
[11̅0] → 1

6
[12̅1] + 1

6
[21̅1̅]     (1.2) 

which have 30° and 90° character. It can be shown that the above dissociation follows Frank’s 

rule, or that the sum of the squares of the burgers vectors of the two partial dislocations is less 

than the square of the undissociated dislocation – a requirement for elastic energy considerations. 

A ribbon of stacking fault is created upon dissociation and grows until the energy of repulsion 

between the two partial dislocations balances with the surface energy of the stacking fault. 

Stacking faults may also form due to the condensation of vacancies or interstitials which result in 

a missing row of atoms or an extra row of atoms, respectively. The former are called intrinsic 
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stacking faults and the latter are called extrinsic stacking faults. Dislocations that bound these 

kinds of stacking faults have 𝒃 = 1

3
〈111〉 which is perpendicular to the slip direction and 

therefore these dislocations do not slip; they can only climb.
e,2

 

 Another consequence of the crystallographic polarity is that dislocation cores may be 

comprised of either all Cd or all Te dangling bonds.
f,2

 In addition, different dislocation core 

structures are obtained depending on the location of the slip plane. Figure 1.3(a) shows how the 

slip plane can be located at either type I positions or type II positions and Figure 1.3(b) shows a 

combination of the two different cores with the two slip plane positions. For the shuffle set (s) of 

 

Figure 1.3 (a) Type I and Type II slip planes in CdTe. (b) Shuffle and glide set dislocations 

with Cd (light) or Te (dark) cores. 

 

dislocations, the slip plane is clearly type I whereas the slip plane is type II for the glide set (g). 

The dislocation cores making-up the extra plane of atoms may be either Cd or Te, so that Te(s), 

Cd(s), Te(g), and Cd(g) are the possible dislocation structures. Note that these have all been 

identified in TEM. 

                                                      
e
This kind of dislocation is termed “sessile” whereas the first kind discussed is “glissile”. 

f
Broken, directional bonds. 

(a) (b) 
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 Twins and twin boundaries are also prevalent in CdTe. Especially abundant are first-

order twins with coherent twin boundaries which lie on the {111} planes of both the twin and the 

matrix. In FCC metals, the crystallographic relationship between the matrix and the twin for this 

case is a 70.5° rotation (the tilt angle) about the 〈110〉 tilt axis. The relationship is similar for 

first-order twins in the sphalerite structure; the difference is that polarity in sphalerite gives rise 

to two twin variants. In the “para-twin” the tilt angle is 70.5° and in the “ortho-twin” variant, the 

tilt angle actually becomes 250.5° (180° +  70.5°). The ortho-twin is perfectly coherent at the 

boundary whereas with the para-twin the polarity is reversed from matrix to twin and the twin 

boundary must contain either a plane of Cd-Cd or Te-Te “wrong bonds” which are energetically 

unfavorable.
 2

 When the twin boundary plane in a first order twin is not {111} in both the twin 

and the matrix, it is called a “lateral twin” and it is no longer coherent. Four lateral twins have 

been identified for sphalerite and they are {111} − {115} and {112} − {112}, {001} − {221}, 

and {110} − {114}, where the sets of planes correspond to the boundary planes of the twin and 

matrix.
2
 The crystallography of higher order twins and between grains with other highly 

symmetric relationships has been explored using the CSL model. A general discussion of the 

CSL model follows. 

Although some grain boundaries are routinely called coincidence site lattice (CSL) 

boundaries, the CSL model does not actually detail the atomic structure at the grain boundary; it 

is merely a geometrical concept. The term ‘coincidence lattice’ was coined by Friedel in 1926 

when he recognized that in twinned materials, if the twin lattice were to continue across the twin 

boundary so as to interpenetrate with the lattice of the matrix, a certain fraction of lattice sites 

from the twin and matrix would be coincident in space.
3
 The coincidence sites formed in this 

way can then be thought to make up a distinct lattice. When the boundary joining the twin and 
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the matrix is perfectly coherent, the unit cell of the coincidence lattice has as its base the smallest 

mesh in the boundary plane composed of coincidence sites and it has a height equal to the 

spacing of coincidence sites in the direction perpendicular to the boundary plane. The ratio of the 

CSL unit cell volume (𝑉) to the unit cell volume of the crystal (𝑣), 

𝑉
𝑣⁄ = ∑       (1.3) 

and is called the Friedel index.
1
 Alternatively, the Friedel index is equal to the reciprocal density 

of the coinciding sites.
4
 The Friedel index also offers a convenient description for twins in cubic 

materials. In cubic materials where (ℎ𝑘𝑙) are normal to the mirror plane (𝑝𝑞𝑟), the Friedel index 

is given by, 

∑ = 𝑝2 + 𝑞2 + 𝑟2     (1.4) 

which can be used to show that for twins, 

∑ = 3𝑛      (1.5) 

where 𝑛 is the order of the twin.
1
 In addition, for cubic materials Friedel proved that 𝛴 could 

only take on a value of odd integers. 

The most common method for describing grain boundary geometry is the misorientation 

scheme. In the misorientation scheme, three parameters describe the misorientation between the 

interfacing grains and two parameters describe the (ℎ𝑘𝑙) of interface plane in the coordinate 

system of one of the grains. An angle and an axis of rotation (called an angle/axis pair) are 

usually used to specify the misorientation between grains. The axis of rotation is a direction 

[𝑢𝑣𝑤] that is common to the lattices of both grains. Rotating the lattice of one of the grains about 
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this axis through some angle 𝜃 brings the orientation of the rotating grain into alignment with the 

orientation of the other grain.
4
 

 A result of the crystal symmetries present in materials is that CSLs having various Friedel 

indices also correspond to angle/axis pair misorientation relationships. In 1966 Rangananthan 

derived a generating function that can be used to obtain 𝛴 and 𝜃 given an axis of rotation [𝑢𝑣𝑤] 

in the cubic system
5
: 

∑ = 𝑥2 + 𝑁𝑦2      (1.6) 

tan(𝜃
2⁄ ) = 𝑦𝑁

1
2⁄ 𝑥     (1.7) 

where 𝑁 = 𝑢2 + 𝑣2 + 𝑤2 and 𝑥 and 𝑦 are integers ≥ 0. The angle/axis connection to CSLs is 

readily observed with the aid of coincidence plots. The coincidence plot in Figure 1.4 shows in 2-

dimensional form how a 𝛴7 CSL in a cubic material can be created by a relative rotation of two 

(111) planes of 𝜃 = 38.2°. Before the rotation, the A and B planes are in complete coincidence 

and after the rotation, only 1-in-7 points of the points from the planes are coincident. 

A few other points are worth mentioning about CSLs. From the coincidence plot in Figure 

1.4, it is apparent that if the normal to a grain boundary plane is also the rotation axis, then the 

boundary is a pure twist boundary. In this case, 1-in-7 atoms in the grain boundary plane are 

coincident. In general, however, the grain boundary plane may take on a random
g
 orientation 

resulting in a coincidence ratio at the boundary plane that deviates from the value given by 𝛴. 

Another consideration is that the misorientation angle between the two grains making up a CSL 

may be slightly off the angle expected for a given axis of rotation and 𝛴 value. The so-called 

                                                      
g
The interfacial energy for some crystal faces may be lower than others, which can lead to preferred orientations. 
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Brandon criterion is used almost universally
h
 as the tolerance for the angular deviation allowable 

for a CSL.
6
 

 

Figure 1.4 Coincidence plot of a Σ7 CSL in a cubic material. The angle of rotation of plane B 

relative to A is θ=38.2° (=60°-21.8°). 

 

The Brandon criterion for CSLs is based on the idea that the misorentation angle 𝛿 of 

low-angle grain boundaries may be accommodated by dislocations in the boundary plane with 

spacing 𝑑and Burgers vector 𝑏 (Shockley-Read relationship): 

    𝛿 = 𝑏
𝑑⁄   (low-angle)    (1.8) 

    𝑣𝑚 = 𝑏
𝑑⁄   (CSL)     (1.9) 

where 𝑣𝑚 corresponds to the highest dislocation density possible at the boundary. The Brandon 

criterion relates 𝑣𝑚 to the periodicity at the boundary: 

                                                      
h
Brandon’s 1966 paper, “The Structure of High-Angle Grain Boundaries,” has over 700 citations. 
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𝑣𝑚 = 𝑣𝑜∑
1

2⁄       (1.10) 

where 𝑣𝑜 is a constant equal to 15° which is the upper limit for the angular misorientation in a 

low-angle grain boundary. Thus, for ∑ = 3, 𝑣𝑚 = 8.67°.
7
 

1.4 Use of TEM and EBSD data in CdTe research 
 

In this section, a short journal article will be summarized specific to TEM of CdTe and 

some of the current author’s EBSD data will be presented and discussed in light of the 

background material from above. 

In the first article, “Characterization of extended defects in polycrystalline CdTe thin 

films grown by close-spaced sublimation,” by Yan et al. of NREL, the stacking fault structures 

discussed above were investigated with high-resolution TEM.
8
 It was determined that the density 

of planar defects in these thin films was quite high ~104 − 106 𝑚−2 which can be observed in 

Figure 1.5. The habit planes for these planar defects are {111}. Intrinsic stacking faults, extrinsic 

 

Figure 1.5 High-resolution TEM image (taken down the [11̅0] zone axis) showing the high 

density of planar defects on the {111} habit planes. (Reproduced with permission from 

publisher.) 
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stacking faults, and lamellar twins were all observed in these samples and it was found that the 

defects did not end on partial dislocations within a grain. In order to determine the nature of the 

defects, ball-and-stick type models and TEM image simulations were compared to the obtained 

TEM images – these are displayed in Figure 1.6 below (explanation is in the figure caption). The 

 

Figure 1.6 Top left: ball-and-stick type models showing a the perfect crystal, b a lamellar 

twin, c an intrinsic stacking fault, and d an extrinsic stacking fault. Top right: HRTEM image 

and simulation (inset) of a lamellar twin. It is easy to see that the white line represents the 

(mirror) twinning plane. Bottom left: an intrinsic stacking fault on a (111) plane. Removal of a 

row of atoms results in a displacement of 1

6
[112̅] between the rows of atoms above and below the 

fault. Bottom right: an extrinsic stacking fault showing an added row of atoms on the fault 

plane. (Reproduced with permission from publisher.) 
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stacking fault structures are obviously different from the lamellar twin structure in that the 

normal stacking sequence is recovered after the defect in the stacking faults but is not in the twin. 

Note that in these images, there is no contrast between Cd and Te atoms. Such analysis requires 

aberration corrected TEM, which is work that is currently being completed at Oak Ridge 

National Laboratory. It is important to point out that much of the TEM work on solar cell CdTe 

material is now carried out in tandem with theory. The TEM images are used to determine the 

spatial configuration of the atoms making up the defects which is used as an input in theoretical 

energy-band calculations. In this way, the electrical characteristics of these boundaries can be 

investigated. 

 EBSD in the scanning electron microscope platform is capable of generating inverse 

pole-figure (IPF) grain orientation maps as in Figure 1.7(a) below. The colors in the map  

 

Figure 1.7 (a) IPF orientation map of an untreated CdTe film deposited by close-spaced 

sublimation. (b) A map of the grain boundaries (GBs), showing CSL GBs in red and general GBs 

in black. 

(a) (b) 
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represent the orientation of the sample normal (Z) direction in the local crystal reference frame. 

For this untreated film, the grain orientations can be seen to be essentially randomly distributed, 

i.e., there is no preferred orientation. Microstructural parameters such as grain size and grain-to-

grain misorientation may also be deduced from EBSD data. In addition, CSL boundaries are 

easily identified. Figure 1.7(b) shows a grain boundary map of the EBSD data with all CSL type 

boundaries in red. It is apparent that there is a high concentration of these boundaries and the 

same is true of CdCl2 treated films. Thus the determination of their electrical properties before 

and after the CdCl2 heat treatment is vital to understanding their role in the improvement of 

device efficiencies due to the treatment. 

1.5 Summary 
 

Extended defects in CdTe including dislocations, stacking faults, grain and twin 

boundaries were described. Special emphasis was placed on the CSL model which (for a given 

crystal structure) describes the orientation relationship between the two grains meeting at some 

grain boundaries. TEM results from the literature were understood in light of the background 

material on extended defects provided. Some of the author’s EBSD data was presented and 

discussed. 
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2 PHONON REPLICAS IN CdTe LUMINESCENCE SPECTRA 

2.1 Abstract 
 

 Phonon replicas are commonly observed in the low-temperature luminescence spectra of 

CdTe. These are a series of peaks that appear to replicate the peak for a given luminescence 

transition at lower energies. The spacing between the replica peaks corresponds to the 

longitudinal optical (LO) phonon energy at zone-center. This work develops the physical 

mechanism responsible for phonon replicas starting from a basic explanation of phonon 

dispersions, the optical phonon branch, and polarons. Experimental cathodoluminescence (CL) 

data was collected on a thin-film CdTe solar cell at 𝑇 = 25 K. A CL spectrum from one of the 

grain interiors shows clear phonon replicas for the A-center transition. The intensities of the 

phonon replica peaks are shown to follow a Poisson distribution, as predicted by theory. The 

shape of the Poisson distribution is characterized by the Huang-Rhys phonon coupling 

parameter, 𝑆. Relevant theory is then explored in order to bring to light the physical mechanism 

which gives rise to phonon replicas in luminescence spectra. Finally, it is shown how the Huang-

Rhys parameter depends on the nature of the optical transition. 

2.2 Introduction 
 

This paper is primarily concerned with phonon replicas which can be observed in the 

luminescence spectra of CdTe (and many other materials) at cryogenic temperatures. The peak 

for a given luminescence transition can have several replica peaks at lower energies, where the 

spacing between replica peaks corresponds to the longitudinal optical (LO) phonon energy (at 

zone-center). Although phonon replicas are routinely identified in the CdTe luminescence 

literature, the physical mechanism involving LO phonons in the optical transitions is rarely 

discussed. 
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This paper investigates phonon replicas in some depth. In order to do so, it is useful to 

cover some background material on the topics of phonon dispersions and polarons, which we 

will do in Sections 2.3-2.5. It is shown that a simple one-dimensional model, which considers the 

motion of ions in a two ion basis, qualitatively reproduces the phonon dispersion that can be 

obtained by neutron diffraction of CdTe. We will show how the optical branch of the phonon 

dispersion arises and why it is called the optical branch. In Section 0, a luminescence spectrum 

obtained by cathodoluminescence (CL) measurements on the cross-section of a CdTe solar cell 

will be presented to illustrate the concept of phonon replicas. A parameter known as the Huang-

Rhys phonon coupling parameter is calculated for the “A-center” transition and its phonon 

replicas through an analysis of relative peak intensities. This parameter is occasionally 

determined in luminescence studies in the literature and in Section 2.8 we will briefly examine 

how it is interpreted by the authors in a few of these studies. Finally, we will look at the 

theoretical basis for Huang-Rhys parameter which will show how polarons are responsible for 

phonon replicas in luminescence spectra. The theoretical formulation of the Huang-Rhys 

parameter depends on the nature of the optical transition (e.g., donor-acceptor pair, free-to-

bound, bound exciton). 

2.3 Phonon Dispersion of CdTe 
 

The phonon dispersion of CdTe at 300 K is shown in Figure 2.1. It was measured by Ref. 

1 using neutron diffraction. It can be seen from the figure that over 𝛤 → 𝛸, there are four phonon 

branches. These include the longitudinal optical (LO), transverse optical (TO), longitudinal 

acoustic (LA), and transverse acoustic (TA) branches. We will see below that the LO branch is 

relevant to phonon replicas in CdTe luminescence spectra because the spacing between phonon 

replica peaks corresponds to the LO phonon energy at zone center: 21 meV. 
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Figure 2.1 Phonon dispersion of CdTe measured by Ref. 1 with neutron diffraction at 300 K. 

The LO branch is the branch that intersects the zone center (𝛤) at 5.08 THz. This gives an energy 

of the LO phonons at zone center of 21 meV. 

 

2.4 Optical branch of the phonon dispersion 
 

The 𝜔(𝑘)-𝑘 dispersion relationship for a one-dimensional Bravais lattice with one atom 

per unit cell and one type of spring connecting the atoms consists of a curve which increases 

from 𝑘 = 0 to 𝑘 = ±
𝜋

𝑎
.
2
 We can see how the optical branch of the dispersion arises by 

considering the same one-dimensional lattice but with two ions per unit cell as shown in Figure 

2.2.
3
 The equilibrium positions of the red and blue ions are 𝑛𝑎 and 𝑛𝑎 + 𝑑, respectively. The red 

and blue ions are taken to have the same mass (𝑀), but the springs connecting the ions alternate 

between 𝐾- and 𝐺-springs. We see from Figure 2.2, 𝑎 − 𝑑 > 𝑑 such that the spring constant 𝐾 is 

greater than the spring constant 𝐺.  

Denoting the displacements for the red and blue ions as 𝑢𝑟𝑒𝑑 and 𝑢𝑏𝑙𝑢𝑒, and considering 

only nearest neighbor ion interactions, the equations of motion are 
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Figure 2.2 One-dimensional Bravais lattice with one red and one blue ion per unit cell. The 

ions have the same mass but they are connected by alternating springs which have different 

spring constants. 

 

𝑀𝑢𝑟𝑒𝑑̈ (𝑛𝑎) = −𝐾[𝑢𝑟𝑒𝑑(𝑛𝑎) − 𝑢𝑏𝑙𝑢𝑒(𝑛𝑎)] − 𝐺[𝑢𝑟𝑒𝑑(𝑛𝑎) − 𝑢𝑏𝑙𝑢𝑒([𝑛 − 1]𝑎)]  (2.1) 

𝑀𝑢𝑏𝑙𝑢𝑒̈ (𝑛𝑎) = −𝐾[𝑢𝑏𝑙𝑢𝑒(𝑛𝑎) − 𝑢𝑟𝑒𝑑(𝑛𝑎)] − 𝐺[𝑢𝑏𝑙𝑢𝑒(𝑛𝑎) − 𝑢𝑟𝑒𝑑([𝑛 + 1]𝑎)].  (2.2) 

We look for a solution with  𝑢𝑟𝑒𝑑 and 𝑢𝑏𝑙𝑢𝑒 given by the traveling waves 

𝑢𝑟𝑒𝑑(𝑛𝑎) = 𝑢𝑟𝑒𝑑,0𝑒𝑖(𝑘𝑛𝑎−𝜔𝑡)     (2.3) 

𝑢𝑏𝑙𝑢𝑒(𝑛𝑎) = 𝑢𝑏𝑙𝑢𝑒,0𝑒𝑖(𝑘𝑛𝑎−𝜔𝑡)    (2.4) 

where 𝑢𝑟𝑒𝑑,0 and 𝑢𝑏𝑙𝑢𝑒,0 are wave amplitudes. Substituting Eqns. 2.3 and 2.4 into Eqns. 2.1 and 

2.2 we are left with a pair of homogeneous linear equations 

[𝑀𝜔2 − (𝐾 + 𝐺)]𝑢𝑟𝑒𝑑,0 + (𝐾 + 𝐺𝑒−𝑖𝑘𝑎)𝑢𝑏𝑙𝑢𝑒,0 = 0  (2.5) 

(𝐾 + 𝐺𝑒𝑖𝑘𝑎)𝑢𝑟𝑒𝑑,0 + [𝑀𝜔2 − (𝐾 + 𝐺)]𝑢𝑏𝑙𝑢𝑒,0 = 0   (2.6) 

which have a solution only if the determinant of the coefficients vanishes. The result is 
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𝜔(𝑘) = √𝐾+𝐺

𝑀
±

√𝑀2(𝐾2+𝐺2+2𝐾𝐺 cos 𝑎𝑘)

𝑀2     (2.7) 

with 
𝑢𝑏𝑙𝑢𝑒,0

𝑢𝑟𝑒𝑑,0
= ∓

𝐾+𝐺𝑒𝑖𝑘𝑎

|𝐾+𝐺𝑒𝑖𝑘𝑎|
. Figure 2.3 is a plot of the two 𝜔(𝑘)-𝑘 dispersion relationships of Eqn. 

2.7. 

 

Figure 2.3 Calculated 𝜔(𝑘)-𝑘 dispersion relationships for a 1D chain with a two ion basis. 

 

Comparing the optical and acoustic branches in Figure 2.3 to the actual phonon dispersion 

for CdTe in Figure 2.1, we see that these branches are qualitatively identical to the LO and LA 

branches, respectively – despite the simplicity of the 1D model considered. It is not surprising 

that the branches in Figure 2.3 compare better with the longitudinal branches in Figure 2.1 because 

in the 1D model we only accounted for longitudinal motions of the ions. 

We still need to address the question of why the optical branch is called the optical 

branch. To do so we need to consider the motion of the ions in the long-wavelength limit, i.e., as 
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𝑘 → 0.  From above, we have the relation 
𝑢𝑏𝑙𝑢𝑒,0

𝑢𝑟𝑒𝑑,0
= ∓

𝐾+𝐺𝑒𝑖𝑘𝑎

|𝐾+𝐺𝑒𝑖𝑘𝑎|
 for the ratio of the displacement of 

the blue ion to that of the red ion. Substituting in 𝑘 = 0 results in 
𝑢𝑏𝑙𝑢𝑒,0

𝑢𝑟𝑒𝑑,0
= −1. Physically this 

result means that the red and blue ions oscillate 180° out of phase, which is depicted in Figure 2.4 

below. 

 

Figure 2.4 The red and blue ions oscillate 180° out of phase in the optical phonon branch as 

𝑘 → 0.  

 

In a real material, this out of phase motion of the ions can be excited by an 

electromagnetic (EM) wave because an EM wave displaces oppositely charged ions in opposite 

directions as it propagates through the crystal.
4
 Below we will see that like EM waves, charge 

carriers can also polarize the ions and interact with optical phonons. Indeed, it is the charge 

carrier-phonon interaction that gives rise to phonon replicas in the luminescence spectra of CdTe. 

2.5 Polarons 
 

A polaron is a quasiparticle that is invoked to describe the interaction between LO 

phonons and free electrons (or holes) in polar semiconductors and ionic crystals.
5
 As these 

charge carriers move through the crystal, they induce a polarization of the ion cores by attracting 

oppositely charged ions and repelling similarly charged ions. This is shown schematically in 

Figure 2.5. The displacement of the ion cores in response to the polarization activates the out of 

phase ion motion of the optical phonon branch. Thus, as charge carriers move through the crystal 

they are accompanied by waves of ionic polarization – a “phonon cloud”.
6
 The polaron is then 

defined as a charge carrier plus its associated phonon cloud. 
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Figure 2.5 As it moves through the crystal, a free electron (or hole) polarizes nearby ions, 

displacing the ions from their equilibrium positions. The ions respond elastically to the 

displacement, which results in the creation of LO phonons. 

 

Since CdTe is a polar semiconductor, charge carrier-phonon interactions are significant.
5
 

This means that the usual Hamiltonian for the free electrons (or holes) in a semiconductor (
𝑝2

2𝑚𝑏
, 

where 𝑚𝑏 is the band mass of the electron (or hole)) must be modified to include charge carrier-

phonon interactions. The Hamiltonian which accounts for the charge carrier-phonon interaction 

was derived by Fröhlich
7
: 

𝐻 =
𝑝2

2𝑚𝑏
+ ∑ ℏ𝜔𝐿𝑂𝑎𝑘

∗ 𝑎𝑘𝑘 + ∑ {𝑉𝑘𝑎𝑘𝑒𝑖𝑘∙𝑟 + 𝑉𝑘
∗𝑎𝑘

∗ 𝑒−𝑖𝑘∙𝑟}𝑘    (2.8) 

where 

𝑉𝑘 = −𝑖
ℏ𝜔𝐿𝑂

𝑘
(

4𝜋𝛼

𝑉
)

1
2

(
ℏ

2𝑚𝑏𝜔𝐿𝑂
)

1
2
     (2.9) 

𝛼 =
𝑒2

ℏ𝑐
√

𝑚𝑏𝑐2

2ℏ𝜔𝐿𝑂
(

1

𝜀∞
−

1

𝜀0
).     (2.10) 
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Here 𝑎𝑘 and 𝑎𝑘
∗  are the phonon destruction and creation operators; 𝜔𝐿𝑂 is the vibrational 

frequency of the LO phonons (in the long-wavelength limit); 𝜀0 is the static dielectric constant; 

and 𝜀∞ is the high-frequency dielectric constant. In deriving the Hamiltonian, Fröhlich 

considered polarons with a spatial extent that is much greater the lattice spacing (the “continuum 

approximation”) and he neglected relativistic and spin effects.
5
 The parameter 𝛼 is called the 

Fröhlich coupling constant and it quantifies the strength of charge carrier-phonon interaction (or 

coupling). The (
1

𝜀∞
−

1

𝜀0
) dependence means that 𝛼 increases with the ionicity (or ionic bonding 

character) of the material.
8
 

2.6 Experimental 
 

Scanning electron microscope (SEM)-based CL spectrum imaging measurements have 

been performed at 𝑇 = 25 K on the cross-section of a high-efficiency (>14%) thin-film CdTe 

solar cell. The basics of the CL spectrum imaging setup and measurement are shown in Figure 2.6 

below. The electron-beam of the SEM is focused down through a hole in a parabolic mirror onto 

 

Figure 2.6 Schematic of the CL spectrum imaging setup and measurement. 
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the surface of the sample which is maintained at 𝑇 = 25 K by a cryostage. The high-energy (~1-

30 keV) electrons excite excess carriers in the sample which can recombine by radiative and 

non-radiative channels. Radiative emission (light) is collected by the parabolic mirror and 

focused into a spectrograph where the light is dispersed into spectra. Spectra are detected by a 

cryogenically cooled CCD camera. The spectrum acquisition system is synchronized with the 

electron-beam positioning such that we collect a spectrum per pixel in a 256 × 256 SEM image. 

2.7 Results 
 

Figure 2.7(a) shows a map of the photon energy of the luminescence from the CdTe solar 

cell cross-section (color coded so that red and blueshifts are intuitive). There is a redshift in the  

 

Figure 2.7 (a) A map of the photon energy of the luminescence from the CdTe solar cell 

cross-section and (b) the CL spectrum from the center of one of the grains, indicated by the white 

dot in (a). 
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luminescence at the grain boundaries and they show up as red lines in the photon energy map. 

Figure 2.7(b) is a luminescence spectrum obtained from the center of one of the grains, indicated 

by the white dot in Figure 2.7(a). The transition we will focus on is the A-center transition (band) 

because it has easily identifiable phonon replicas. (This transition is actually quite important to 

thin-film CdTe solar cell technology because it typically appears in luminescence spectra as a 

direct result of a critical processing step.) The A-center transition is due to the radiative 

recombination of donor-bound electrons and acceptor-bound holes; it is a donor-acceptor pair 

(DAP) transition. 

In Figure 2.8 we narrow in on the A-center transition region. A number Gaussians have 

been fit to the band in order to de-convolute the spectral features. The sum of the Gaussians is 

given by the red curve, which fits very well to the experimental data (black curve). The optical 

transition corresponding to the “pure” DAP transition is labeled 0LO and it is known as the zero-

phonon line. The peaks occurring at regular intervals below the zero-phonon line are known as 

phonon replica peaks (labeled 1LO, 2LO, 3LO, etc.). As we alluded to above, measurements of 

the peak to peak distances show that the energy spacing between the phonon replicas is the 

energy of the LO phonons at zone-center: 21 meV. From the Gaussians we can get the relative 

intensities of the peaks, which allow us to determine the Huang-Rhys parameter. 

The intensity 𝐼 of the phonon replicas can be described by a Poisson distribution
9,10

: 

𝐼(𝑛) = 𝑆𝑛 𝑒𝑥𝑝−𝑆

𝑛!
     (2.11) 
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where 𝑆 is the Huang-Rhys phonon coupling parameter and 𝑛 is the phonon line order. 𝑆 can be 

determined by plotting the experimental 𝐼(𝑛)-𝑛 relationship against a calculated distribution 

given by Eqn. 2.11 with a trial value for 𝑆. This is shown in Figure 2.9 below. The value for 𝑆 

 

Figure 2.8 Gaussians have been fit to the A-center luminescence band from Fig. 3.7(b) in 

order to de-convolute the phonon lines (labeled 0LO, 1LO, 2LO, etc.). The red curve represents 

the sum of all the Gaussians, which fits well with the black experimental curve. 

 

is then adjusted in order to (visually) match the calculated distribution with the measured 

distribution. In this case, we obtain 𝑆~2.7. (Obviously, more sophisticated methods for 

determining 𝑆 could be devised.) The reason for the large disagreement between the calculated 

intensities and measured intensities at 0L0 and 1LO is due to the spectral overlap of the phonon 

replicas for higher energy transitions with the A-center band. The zero-phonon lines for these  
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Figure 2.9 Determination of the value for the Huang-Rhys parameter by a comparison of 

measured and calculated data. 

 

transitions are indicated by the green colored Gaussians in Figure 2.8; however, the associated 

phonon replicas could not be fit with the Gaussian curve fitting routine. 

2.8 Discussion 
 

In the CdTe luminescence literature, the Huang-Rhys parameter is generally said to 

quantify the “the coupling of emitted photons to the crystal lattice,”
11

 or the “coupling of a defect 

to the crystal lattice,”
12

 or “the strength of the coupling between the electron and phonon”.
13

 But 

which of these interpretations is right? Or, is there some truth to all of them? Addressing this 

issue is tantamount to resolving the details of the physical mechanism which gives rise to phonon 

replicas. 
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As the name suggests, the Huang-Rhys parameter was originally derived by Huang and 

Rhys in their 1950 paper
9
 on the theory of light absorption and non-radiative transitions in of F-

centers. Hopfield subsequently derived similar theory
10

 to describe low-temperature edge-

emission phenomena in the wide-bandgap II-VI semiconductors CdS, ZnS, and ZnO. By edge-

emission it is meant that the emission is near, but below (extending perhaps a few hundred meV 

below) the bandgap energy at low-temperature. In Hopfield’s theory he begins by assuming that 

radiative recombination occurs by a trapped electron (or hole) with a free hole (or electron). 

From the discussion of polarons above, we know that these charge carriers must interact with the 

longitudinal optical lattice vibrations. The Hamiltonian for the trapped carrier, the longitudinal 

optical vibrations and the trapping center is: 

𝐻 =
𝑝2

2𝑚𝑏
+ ∑ ℏ𝜔𝐿𝑂𝑎𝑘

∗ 𝑎𝑘𝑘 + 𝑈(𝑟) + ∑ {𝑉𝑘𝑎𝑘𝑒𝑖𝑘∙𝑟 + 𝑉𝑘
∗𝑎𝑘

∗ 𝑒−𝑖𝑘∙𝑟}𝑘   (2.12) 

which is the same as the Hamiltonian for the polaron (Eqn. 2.8) due to Fröhlich except that now 

there is a term for the potential energy of the trapping center 𝑈(𝑟) which includes the static 

lattice distortion surrounding the unoccupied trap. The derivation proceeds by writing the wave 

function of the lattice and trapped carrier as a direct product of the carrier-wave function 𝜙(𝑟) 

and the lattice-wave function 𝜒. The probability of an electric-dipole (optical) transition in this 

case is proportional to the square of the overlap between the final lattice-wave function 𝜒𝑓 and 

the initial lattice-wave function 𝜒𝑖, i.e., |⟨𝜒𝑓|𝜒𝑖⟩|
2
, which Hopfield found to be: 

𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∝ 𝑆𝑛 𝑒𝑥𝑝−𝑆

𝑛!
    (2.13) 

where 𝑆 is given by 
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𝑆 = ∑
|𝑉𝑘|2

(ℏ𝜔𝐿𝑂)2𝑘 |𝜌𝑘|2.     (2.14) 

𝑉𝑘 was defined in Eqn. 2.9 and 𝜌𝑘 is the charge distribution of the impurity center given by 

𝜌𝑘 = ∫ 𝑑𝑟|𝜙(𝑟)|2𝑒𝑖𝑘∙𝑟.    (2.15) 

Immediately, it should be recognized that this is the equation for the luminescence intensity of 

the phonon replicas, Eqn. 2.11 from above. We can now summarize the physical mechanism 

giving rise to the phonon replicas as follows. After excess carrier generation via some excitation 

source (e.g., light or high-energy electrons) at low-temperature, some carriers get trapped at 

impurity centers. When a trapped carrier recombines with a free carrier of the opposite type, the 

lattice in the vicinity of the impurity center evolves from an initial state that is polarized by the 

charge carrier to a relaxed state that is free from this polarization. Several LO phonons can be 

emitted into the lattice during the relaxation, resulting in a reduction in photon energy of the 

optical transition by integral numbers of the LO phonon energy. To paraphrase the mechanism in 

a single sentence, phonon replicas are the result of the simultaneous emission of a photon and 

LO phonons into the lattice during the recombination of a trapped carrier with a free carrier of 

the opposite type. (Although this was not considered in Hopfield’s analysis, both carriers may 

also be trapped as in DAP recombination.) 

A few points are worth mentioning about the form of 𝑆 given by Eqn. 2.14. First, we see 

that 𝑆 depends on the ionicity of the material through the (
1

ε∞
−

1

ε0
) term embedded in Vk. 

Second, 𝑆 depends the depth of the impurity center; charge carriers are more tightly bound to 

deeper centers. Finally, further investigation shows that the nature of the transition also plays a 
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role. For free-to-bound transition with a the Gaussian distribution for the charge carrier around 

the impurity center, 𝑆 is given by
14

 

𝑆 = (
1

𝜖∞
−

1

𝜖0
)

|𝑒|2

𝑎ℎ

1

ℏ𝜔𝐿𝑂

5

16
.    (2.16) 

And for a DAP transition,  𝑆 is given by
15

 

𝑆𝑅 = (
1

𝜖∞
−

1

𝜖0
)

|𝑒|2

𝑎ℎ

1

ℏ𝜔𝐿𝑂
{

5

16
(1 + 𝜎) − ∆}   (2.17) 

where 

∆=
𝑎ℎ

𝑅
[1 − (∆𝑒 + ∆ℎ)(1 − 𝜎2)−3]    (2.18) 

∆𝑒= [1 − 3𝜎2 + (1 − 𝜎2)
𝑅

𝑎𝑒
] 𝑒

−
2𝑅

𝑎𝑒     (2.19) 

∆ℎ= 𝜎4 [3 − 𝜎2 + (1 − 𝜎2)
𝑅

𝑎ℎ
] 𝑒

−
2𝑅

𝑎ℎ    (2.20) 

and 𝑅 is the DAP separation radius. 
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3 EXPLANATION OF RED SPECTRAL SHIFTS AT CdTe GRAIN 

BOUNDARIES 

A paper published in the journal Applied Physics Letters 

J. Moseley, M. M. Al-Jassim, H. R. Moutinho, H. L. Guthrey, W. K. Metzger, and R. K. 

Ahrenkiel 

 

3.1 Abstract 
 

We use cathodoluminescence (CL) spectrum imaging to investigate the nanoscale 

properties of CdTe thin-films for solar cells deposited by close-spaced sublimation. 

Luminescence emission is detected (bands) at ~1.32 eV and ~1.50 eV, which are consistent with 

Z- and Y-bands. For the grains in the as-deposited films, there is a significant redshift in the 

transition energies near the grain boundaries. The high grain boundary recombination velocity 

and the donor-acceptor pair (DAP) mechanism of the Z-band transition account for the contrast 

between grain boundaries and the grain interior. By applying DAP theory, we estimate the 

concentration of the shallow donor species participating in the Z-band transition to be ~10
17

 cm
-

3
. 

3.2 Introduction 
 

The best research-cell efficiencies for CdTe thin-film solar cells have recently increased 

from 17.3% to 19.6%.
1,2

 Despite these impressive recent gains, many improvements in device 

technology are necessary to reach the detailed-balance efficiency limit for CdTe-based (single-

junction, non-concentrator) solar cells of ~32%.
3
 Improvements will increasingly rely on 

knowledge of the fundamental relationships between processing, electrical properties of defects, 

and device performance. Scanning electron microscope (SEM)-based cathodoluminescence (CL) 

is an experimental technique that can examine these fundamental relationships. CL can provide 
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opto-electronic information with a spatial resolution of tens to hundreds of nanometers and has a 

sensitivity for impurity atoms with atomic concentrations as low as ~10
14

 cm
-3

 (~0.000001 at. 

percent).
4
 To date, most of the headway in determining and understanding the luminescence 

properties of CdTe has been made by the photoluminescence (PL) community, so we compare 

our CL results to PL studies. Moreover, we show with the CL spectrum imaging technique that 

we can obtain high spatial resolution maps of the luminescence transition energies. These maps 

allow us to detect luminescence phenomena that are hidden in spectroscopic data. 

Of the luminescence transitions commonly identified and discussed for CdTe in the 

literature, the Z-band at energies of ~1.3–1.36 eV has received little attention. This is likely due 

to several factors including weak Z-band signals, masking of the Z-band by more prominent 

transitions, and lack of spectral sensitivity in the infrared. However, as shown below, even when 

the Z-band contributes a small fraction to the total recorded luminescence from a sample, it is 

clearly resolvable with the CL spectrum imaging technique. 

The importance of the Z-band to CdTe solar cells was recently highlighted in a PL study 

of close-spaced sublimation (CSS)-deposited thin-films by Kraft et al.
5
 In that study, the Z-band 

was observed before the CdCl2 treatment. After the treatment, the Z-band luminescence 

disappeared and transitions involving A-center defect complexes appeared at ~1.43 eV. The Z-

band is a donor-acceptor pair (DAP)-type transition and the authors suggested that the Z-band 

could involve cadmium vacancy (VCd
2-

) acceptors and shallow donors. This is because the 

energy of the transition (~1.324 eV) is consistent with the energy level of VCd
2-

 above the 

valence band (~230–270 meV)
6-8

 plus the binding energy of a shallow donor (~10 meV). The 

sum equals the bandgap energy of 1.605 eV at the 4 K PL temperature. They proposed that 

during the CdCl2 treatment, cadmium vacancies form A-centers with extrinsic atoms such as O 
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and Cl. Consequently, the relatively deep levels in the bandgap caused by VCd
2-

 are replaced by 

the shallower levels created by A-centers. As cadmium vacancy concentrations of ~10
16

 cm
-3

 are 

believed to be introduced during CSS film growth,
9
 this transformation of defects may contribute 

to the order-of-magnitude increase in minority-carrier lifetime and large improvement in device 

performance that occur as a result of the CdCl2 treatment. 

3.3 Experimental 
 

We performed CL spectrum imaging
10

 at 𝑇 = 25 K on the back surface of CSS-deposited 

CdTe thin-films in a CdTe/CdS/SnO2/glass configuration without back contacting. Both as-

deposited and CdCl2 vapor-treated samples were analyzed. CSS deposition of the CdTe layer 

took place in a chamber with 1 torr O2 + 15 torr He ambient for 2 min. Source and substrate 

temperatures were 660°C and 620°C, respectively. Sample surfaces were briefly ion-milled in a 

JEOL Cross-Polisher to reduce surface roughness of the films and avoid topographic effects in 

the CL analysis. CL measurements were performed in a JEOL 7600F field-emission SEM. 

Electron-beam parameters were 7.5 kV accelerating voltage and ~1 nA current. With this 

electron-beam voltage, about 75% of the carriers are generated within a ~200-nm depth below 

the surface and within a ~250-nm lateral range. These values were determined by Monte Carlo 

electron energy-loss simulations using the CASINO software.
11

 In CL spectrum imaging, we 

collect a spectrum per pixel in a 256 × 256 pixel SEM image by synchronizing a cryogenic 

silicon charge-coupled device (Princeton LN/CCD-1340/400) with the electron-beam 

positioning. Spectra were dispersed by a spectrometer equipped with a diffraction grating blazed 

to 500 nm with 150 groves/mm and the spectrum acquisition time was 10 ms. 
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3.4 Results and Discussion 
 

Figure 3.1 shows the global spectra for the as-deposited and CdCl2-treated films generated 

by integrating the intensity of all (~60 k) spectra for each CL spectrum image. PL analysis has 

not been performed on these samples, but the global spectra are usually found to compare 

reasonably well with corresponding PL spectra. For the as-deposited film, the peak for the 

transition known as the Y-band, which is discussed further below, is evident at energies slightly 

lower than 1.5 eV. Note that the Z-band is not apparent in the global spectrum, meaning that it 

makes up a relatively small portion of the detected luminescence for this sample. For the CdCl2-

treated sample, the band associated with A-centers is present, but with a low intensity relative to 

the features at higher energies. Emission from the Z-band was not found in the global spectrum 

or the individual spectra in the spectrum images, which is consistent with the results of Kraft et 

al.
5
 

 

Figure 3.1 Global spectra for the as-deposited and CdCl2-treated films. At each Photon 

Energy, the intensity of a global spectrum is the sum of the intensities for the spectra collected at 

each pixel in a 256 × 256 pixel SEM image. 
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 Figure 3.2(a) is a photon energy map, centered on the Z-band, for the as-deposited sample. 

To make the photon energy map, an energy window 1.285–1.360 eV was first selected. This 

window was divided into three equal regions and colors were assigned to each of the regions, 

i.e., Red: 1.285–1.310 eV; Green: 1.310–1.335 eV; Blue: 1.335–1.360 eV. The total counts in 

each region were then normalized to the 0–255 scale of the RGB code to generate the color of 

each pixel. 

 

Figure 3.2 (a) Photon energy map with an energy window 1.285–1.360 eV for the as-

deposited sample showing a “rainbow” coloration of the grains. The inset shows where the 

spectra were collected in (b). The high surface recombination velocity at the GBs and the DAP 

nature of the Z-band transition account for the observed behavior. Note that the A-center 

transition is observed in spectrum 1 (discussed further in the text) and that the upward sloping 

feature on the far right in the spectra is the low-energy tail of the Y-band. This tail accounts for 

the dark blue color in the regions between grains.  

 

In previous work,
12

 we have demonstrated a technique for correlating contrast in CL 

images with grain boundaries (GBs) by conducting CL and electron backscatter diffraction 

(EBSD) on the same microscopic areas. The photon energy map shows circular features that 

were identified as grains with EBSD – the edges of the circles being GBs. The inset in Figure 

3.2(a) shows the locations of five spectra taken from an intragrain region (spectra 1 and 2) 

progressively closer to a GB (spectrum 5) and the spectra are plotted in Figure 3.2(b). The line 
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color for each spectrum corresponds to the pixel color where the spectrum was obtained.  It can 

be seen that the characteristic “rainbow” coloration in the photon energy map is a result of the 

significant redshift in the peaks for the Z-band from the intragrain region to the GB. Below, we 

show that this behavior can be explained by considering both the grain boundary recombination 

velocity and the DAP nature of the Z-band transition. 

We make use of the method of Mendis et al.
13

 for estimating the GB recombination 

velocity and apply it to the GB of Figure 3.2. The method is based on the formalism developed by 

van Roosbroeck
14

 for the steady-state excess carrier distribution in a direction normal to a free 

surface with reduced surface recombination velocity S (i.e., L

s
S




, where s is the surface 

recombination velocity, L is the diffusion length, and τ is the excess carrier lifetime). Excess 

carriers are generated by a plane source that is parallel to the free surface. Extending the theory 

to model the CL next to a GB simply involves replacing the free surface with a GB. It is assumed 

that carrier diffusion across a GB is negligible and that the radiative efficiency is independent of 

the position of the electron beam with respect to the GB, 𝑥𝑏. Limitations of the model are 

discussed at length in Ref. 13. The relevant equation for the CL intensity is: 

ln [1 −
𝐼(𝑥𝑏)

𝐼(𝑥𝑏=∞)
] = ln (

𝑆

𝑆+1
) −

𝑥𝑏

𝐿
,    (3.1) 

where 𝐼(𝑥𝑏) is the CL intensity at position 𝑥𝑏 from the GB and 𝐼(𝑥𝑏 = ∞) is the CL intensity at 

a position in the grain that is unaffected by GB recombination. Although the latter is not likely to 

occur in such small-grained material, we approximate 𝑥𝑏 = ∞ with the center of the grain in the 

inset of Figure 3.2(a). A plot of  ln [1 −
𝐼(𝑥𝑏)

𝐼(𝑥𝑏=∞)
] vs. 𝑥𝑏 yields the desired values for the 

parameters 𝑆 and 𝐿 of 2.3 and 0.42 µm, respectively. Because exciton and exciton-related peaks 
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(Y-band) have relatively high intensities in the global spectrum (Figure 3.1) at 𝑇 = 25 K, we 

assume that the diffusion of excess carriers occurs by excitons formed after electron-beam 

generation. In this regard, the values of 𝑆 and 𝐿 are relevant parameter values for excitons at low 

temperature as opposed to minority carriers. We assume that a correlation to minority-carrier 

values exists. Using the free-exciton lifetime of 3–7 ns measured in Ref. 15, the GB 

recombination velocity for excitons 𝑠𝑋 is determined here to be high, namely ~10
4
 cm/s. 

 The “rainbow” coloration of the grains in Figure 3.2(a) is now explained as follows. The 

high surface recombination velocity at the GBs causes an effective reduction in the excess carrier 

density near the GB. For a DAP-type transition, this increases the average separation between 

carriers in DAP states and decreases the transition energy (𝐸𝐷𝐴𝑃) according to the equation:
16

 

𝐸𝐷𝐴𝑃 = 𝐸𝐺 − (𝐸𝐴 + 𝐸𝐷) +
𝑒2

𝜀𝑟𝑅
 ,    (3.2) 

where 𝐸𝐺  is the bandgap energy; 𝐸𝐴 and 𝐸𝐷 are the binding energies of the acceptor and donor, 

respectively; 𝜀𝑟 is the dielectric constant; and 𝑅 is the DAP radius. Because most of the excess 

carriers are lost to non-radiative GB recombination at the GB, 𝑅 → ∞ in Eqn. 3.2 and the 

coulombic term 
𝑒2

𝜀𝑟𝑅
 vanishes. Therefore, we can estimate 𝐸𝐺 − (𝐸𝐴 + 𝐸𝐷) for the Z-band of 

spectrum 5 in Figure 3.2(b) to be ~1.30 eV. In the intragrain region, the DAPs are saturated 

(DAPs with all possible 𝑅 are excited) so that spectrum 2 represents the situation when the DAPs 

have their closest average separation for the transition. 

 An estimate for the concentration of the shallow donor participating in the Z-band DAP 

transition can be obtained by employing standard DAP theory.
17,18

 The theory assumes that the 

shallow donors and (deeper) acceptors (in this case, VCd
2-

) are randomly distributed throughout 
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the lattice. Only nearest-neighbor DAP interactions are effective. It is assumed that the 

concentration of shallow donors (ND) is much larger than that of VCd
2-

 such that the possibility of 

having VCd
2-

 with other VCd
2-

 as nearest neighbors can be discounted. Finally, only distant DAPs 

are active, i.e., DAP radii are continuously varying. The expression for the steady-state intensity 

of DAP luminescence as a function of 𝑅 and ND is:
19

 

𝐼(𝑅, ND) ∝ 𝑅4exp[−4

3
𝜋𝑅2ND] × exp [−

2𝑅

𝑎D
] × 𝑓𝑒 ,   (3.3) 

where the first term on the right is the DAP distribution function term, the second term is the 

transition probability (with donor Bohr radius 𝑎D), and 𝑓𝑒 is the fraction of DAPs excited. In the 

intragrain region, the DAPs are saturated and 𝑓𝑒 → 1. By taking the derivative of Eqn. 3.3 with 

respect to 𝑅 and equating it to zero, the resulting equation can be rearranged for ND in terms of 

the DAP radius at peak intensity, 𝑅𝑝𝑒𝑎𝑘: 

ND =
2𝑎D−𝑅𝑝𝑒𝑎𝑘

2𝜋𝑅𝑝𝑒𝑎𝑘
3𝑎D

.     (3.4) 

From Figure 3.2(b), the peak intensity for the Z-band in spectrum 2 is ~1.325–1.33 eV. 𝑅𝑝𝑒𝑎𝑘 is 

then obtained from Eqn. 3.2 with 𝐸𝐺 − (𝐸𝐴 + 𝐸𝐷)~1.30 eV and 𝐸𝐷𝐴𝑃~1.325–1.33 eV. Finally, 

the value of ND is estimated to be ~6×10
17

–1×10
18

 cm
-3

. Note that this quantity represents ND in 

the grains where Z-band luminescence was observed, which make up roughly 20% of the total 

grain area. So the estimate for ND of the entire sample is shifted lower by about an order-of-

magnitude. Candidate shallow donor species in CdTe include Ga, In, Cl, Al, and F.
20

 However, 

Cl is the only shallow donor species likely to exist in such high concentrations (~10
17

 cm
-3

)
21,22

 

in as-deposited CSS material – likely originating from the CdTe source material. High 

concentrations of In or F in the CdTe layer due to diffusion from an In- or F-containing 
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transparent conducting oxide (TCO) is not a relevant scenario to our case because we used SnO2 

TCO. One very plausible scenario is that Cl (ClTe) is the shallow donor species involved in the Z-

band DAP transition. Note that a high concentration of Cl would not necessarily translate to a n-

type as-deposited CdTe film, because CdTe can remain well compensated in spite of Cl 

concentrations as high as 10
19

 cm
-3

.
22

 

If Cl is involved in both the Z-band DAP transition and the A-center transition, it may be 

expected that random compositional inhomogeneity could result in a close spatial relationship 

between Z-band and A-center luminescence. This is indeed evident from spectrum 1 and 

spectrum 2 in Figure 3.2(b). In the distance between spectrum 1 and spectrum 2, the peak for the 

A-center transition appears at an energy of ~1.40 eV whereas the Z-band disappears. A similar 

trend was observed in Cl-doped polycrystalline CdTe
22

 when the dopant concentration was 

increased above 6.2×10
17

 cm
-3

. We conclude from our data that the concentration of Cl at 

spectrum 2 (~610
17

–110
18

 cm
-3

) is the approximate threshold concentration for the Z-band to 

A-center luminescence crossover, which has been exceeded at nearby spectrum 1. Above the 

threshold Cl concentration, the A-center (VCd-ClTe) complex is the preferred configuration 

between VCd
2-

 and ClTe. It should be noted that A-center luminescence was only observed in a 

few of the grains, but the spatial correlation to Z-band luminescence was evident each time. 

It is interesting to consider that the “rainbow” coloration was also observed in a photon 

energy map centered on the Y-band transition for the as-deposited sample, as shown in Figure 

3.3(a) and Figure 3.3(b). This transition has been associated with excitons bound to extended 

defects.
23-26

 Based on the discussion of the Z-band above, we speculate that the radiative 

mechanism here is similar to the DAP mechanism for the Z-band. Finally, we mention that no 
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“rainbow” coloration could be identified in the spectrum images for the CdCl2-treated sample. 

More results for this sample will be discussed in a later paper. 

 

Figure 3.3 (a) Photon energy map of the 1.470–1.530 eV energy window for the as-deposited 

sample showing “rainbow” coloration of the grains similar to what was observed with the Z-band 

in Figure 3.3(a). Spectra from a linescan taken across one of the grains (white line) are displayed 

in (b). The spectra show a significant redshift in the Y-band peak energy. 

3.5 Conclusion 
 

In conclusion, we have shown that high spatial resolution photon energy maps obtained 

with the CL spectrum imaging technique can reveal intricate luminescence phenomena that are 

not apparent in spectroscopic data. A “rainbow” coloration of the grains was observed in the 

photon energy maps for the Z- and Y-bands in the as-deposited sample. For the Z-band, this 

behavior is due to the effect of the high GB recombination velocity (𝑠𝑋~10
4
 cm/s) in as-

deposited CSS films on the DAP transition mechanism. The concentration of the shallow donor 

species participating in the Z-band transition was estimated to be ~10
17

 cm
-3

. Based on this 

estimate, and the spatial correlation between the Z-band and the A-center transitions, we 

speculate that Cl is the shallow donor species. 
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4 SUMMARY AND CONCLUSION 

Scanning electron microscope (SEM)-based cathodoluminescence (CL) spectrum 

imaging was used to examine fundamental relationships between CdTe thin-film processing, 

electrical properties of defects, and device performance. It was shown that high spatial resolution 

photon energy maps obtained with the CL spectrum imaging technique can reveal intricate 

luminescence phenomena not apparent in spectroscopic data. CL spectrum imaging experiments 

were performed at 𝑇 = 25 K on the back surface of CSS-deposited CdTe thin-films in a 

CdTe/CdS/SnO2/glass configuration without back contacting. Both as-deposited and CdCl2 

vapor-treated samples were analyzed. For the as-deposited film, luminescence emission was 

detected (bands) at ~1.32 eV and ~1.50 eV, consistent with Z- and Y-bands. For the grains in the 

as-deposited films, a significant redshift in the transition energies near the grain boundaries was 

observed. For the Z-band, this behavior is due to the effect of the high GB recombination 

velocity (𝑠𝑋~10
4
 cm/s) in as-deposited CSS films on the donor-acceptor pair transition 

mechanism. The concentration of the shallow donor species participating in the Z-band transition 

is estimated to be ~10
17

 cm
-3

. Based on this estimate, and the spatial correlation between the Z-

band and the A-center (VCd-ClTe) complex transitions, ClTe is proposed as the shallow donor 

species. 
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