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ABSTRACT 

To make renewable electricity cost-competitive with fossil fuel electricity, we must 

continue to improve photovoltaic (PV) and other renewable technologies. CdTe solar cells are a 

commercialized PV technology that is a leader in terms of both efficiency and cost. As CdTe 

solar cells approach theoretical or practical efficiency limits, we need robust characterization 

tools and data analysis to help guide empirical device development. Cathodoluminescence (CL) 

is a scanning electron microscope-based characterization technique that can probe the opto-

electronic properties of solar cells with high spatial resolution. CL measurements can provide 

insight on recombination at the defect-scale and hence CL is useful for assessing the microscopic 

“roots” of macroscale device performance. This thesis concerns the development of a relatively 

new CL capability—known as CL spectrum imaging—for the characterization of recombination 

and defects in CdTe solar cells. The interpretation of CL spectrum imaging data and the potential 

for this technique as a root-cause diagnostic tool for CdTe solar cells is explored. 
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  CHAPTER 1

INTRODUCTION 

 
In order to mitigate the harmful effects of global warming, we must double-down our 

efforts to reduce manmade greenhouse gas emissions. Electricity consumption and the resulting 

CO2 emissions from fossil fuel burning power plants are expected to rise as the population 

increases, and as people the in developing world begin to consume more energy per capita. 

However, we can combat the expected increases in emissions by ensuring that new electricity 

generation capacity comes from renewable sources such as solar-photovoltaic (PV) as opposed to 

conventional fossil fuel sources. Also, we have the opportunity to displace a significant amount 

of today’s emissions by replacing retired or inefficient fossil fuel power plants with renewable 

ones, and by increasing the contribution of electricity to the grid from distributed sources of 

electricity such as rooftop-PV. Generally speaking, fossil fuel derived electricity is still cheaper 

than electricity from renewables like PV. To make (or in some cases to keep) renewable 

electricity cost-competitive with fossil fuel electricity, we must continue to improve PV and 

other renewable technologies. 

CdTe solar cells are a commercialized PV technology that is a leader in terms of both 

efficiency and cost. In just the last four years, the record efficiency of lab-scale CdTe solar cell 

devices has increased from ~17.3% to 21.5% [1]. However, the recent efficiency records have 

been achieved primarily through increasing the short-circuit current density (JSC), which is 

approaching the Shockley-Queisser (SQ) (or thermodynamic) limit, as shown in Figure 1.1 [2]. 

In contrast, the open-circuit voltage (VOC) of record devices has been relatively stagnant for the 

past 20 years [3], and is still well below the SQ limit. Further improvements to device and 
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module efficiencies for CdTe solar cells will require advances in the open-circuit voltage (VOC), 

as well as the fill-factor (FF). 

 
Figure 1.1 Current density (J)-voltage (V) curves for record devices of popular PV 

technologies. Each curve has been normalized to the curve corresponding to the Shockley-

Queisser (SQ) limit. (Figure from Ref. 2. Reproduced with permission from publisher, © 2015 

IEEE.) 

 

The VOC of the current generation of CdTe technology is believed to be limited by low 

values of the p-type carrier concentration and minority-carrier lifetime within the CdTe absorber 

layer, which are typically <10
15

 cm
-3

 and several nanoseconds (ns), respectively. Device 

modeling results from the National Renewable Energy Laboratory (NREL) shown in Figure 1.2 

demonstrate that if the carrier concentration and minority-carrier lifetime are increased to 10
16

–

10
17

 cm
-3

 and 10s of ns, respectively, a VOC of >1 V could be attained. 

Low minority-carrier lifetime in polycrystalline CdTe thin films is likely caused by non-

radiative Shockley-Read-Hall (SRH) recombination. SRH recombination in semiconductors 

generally occurs at deep levels in the band-gap created by crystal defects. Defects can be  
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Figure 1.2 Device modeling results from NREL showing the variation in VOC (V) with 

carrier-concentration and minority-carrier lifetime. 

 

categorized as point (interstitial or substitutional) defects or extended defects. The latter includes 

planar defects such as grain boundaries, stacking faults, twin boundaries, as well as linear 

dislocations. Both point defects and extended defects are known to be prevalent in CdTe thin 

films. However, the CdTe-PV community has not reached a consensus on specifically which 

defect(s) is(are) most limiting to the minority-carrier lifetime in the current generation of CdTe 

devices. 

Cathodoluminescence (CL) measurements can provide insight on recombination at the 

defect-scale and hence CL is useful for assessing the microscopic “roots” of macroscale device 

performance. This thesis concerns the development of a relatively new CL capability—known as 

CL spectrum imaging—for the characterization of recombination and defects in CdTe solar cells. 

As a technique, CL spectrum imaging is relatively new and is not yet widely used in the PV 



 4 

community. By “development” it is meant the development of the analysis methodology and 

interpretation of experimental data, not the development of the experimental apparatus. The 

thesis is composed of three “background material” chapters (Chapters 1, 2, 3, and 8) and four 

journal papers (Chapters 4, 5, 6, and 7). Note that the order of the journal papers is chronological 

in terms when they were written. 

1.1 References 
 

[1] http://www.nrel.gov/ncpv/images/efficiency_chart.jpg 

 

[2] R. M. Geisthardt, M. Topic, and J. R. Sites, Photovoltaics IEEE Journal of, 5 1217–1221 (2015). 

 

[3] J. Duenow, J. Burst, D. Albin, D. Kuciauskas, S. Johnston, R. Reedy, and W. Metzger, Applied 

Physics Letters 105, 053903 (2014). 
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  CHAPTER 2

CATHODOLUMINESCENCE BACKGROUND MATERIAL 

 
Cathodoluminescence (CL) is luminescence resulting from the excitation of a non-

metallic material by a high-energy electron beam. This chapter provides some background 

information concerning how the CL signal is formed and what things affect it. First, we develop 

a basic model for steady-state luminescence in a p-type semiconductor at room temperature 

(Section 2.1). Next we discuss the impact of surface and interface recombination on the 

luminescence intensity by working through a short example (Section 2.2). In Section 2.3, we 

discuss how the electron beam generates electrons and holes in a material (which recombine to 

give rise to CL) and where the electrons and holes are generated. Finally, we briefly describe the 

CL spectrum imaging experiment and the inevitable losses to CL signal that occur in 

experiments (Section 2.4). 

2.1 Basic Luminescence Model 
 

We can build a basic steady-state room-temperature luminescence model as follows. 

Consider a hypothetical infinite p-type semiconductor with homogeneous optical and electrical 

properties, which is free from applied electric fields. In thermal equilibrium in the dark, the free 

electron and free hole concentrations
1
 (cm

-3
) have values �! and �! throughout. These electrons 

and holes exist in a dynamic equilibrium—electron hole pairs are constantly being generated 

with a rate �!  (cm
-3

s
-1

) and they are recombining with an equal rate �!. �! and �! are related by 

the van Roosbroeck-Shockley relation [1]. Under the action of a suitable excitation source (e.g., 

light or high-energy electrons), additional electrons and holes can be excited in the 

                                                
1
 The terms concentration and density are used interchangeably in this chapter. 
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semiconductor. For uniform excitation, the electron and hole concentrations increase to 

� = �! + ∆� and � = �! + ∆� in steady state, where ∆� and ∆� are the excess electron and hole 

concentrations, respectively. In steady state, the electrons and holes recombine with a rate equal 

to the sum of the thermal equilibrium and excess carrier generation rates. However, the excess 

carrier recombination rate is the parameter of interest in a luminescence experiment. Since 

�! = �!, the excess generation and recombination rates are also equal, i.e., 

    � = �.      (2.1) 

Carriers can recombine through radiative and non-radiative channels, so � can be broken down 

into radiative and non-radiative components, 

� = �!! + �!" .     (2. 2) 

We will assume that radiative recombination is due to “band-to-band” transitions, in which free 

electrons in the conduction band recombine with free holes in the valence band to produce (or 

emit) photons with energies approximately equal to the bandgap. Thus, the rate of band-to-band 

radiative recombination is proportional to the density of occupied states in the conduction band 

(�) and the density of unoccupied states in the valence band (�) [1,2]. The radiative 

recombination rate for excess carriers equals the total rate minus the equilibrium rate, or 

�!! = � �� − �!
! .     (2.3) 

where �! is the intrinsic carrier density and � (cm
3
s

-1
) is a coefficient describing the quantum 

mechanical probability of band-to-band, electron-hole radiative transitions [3]. We can expand 

Eqn. 2.3 using the relations �!
!
= �!�!, � = �! + ∆�, and � = �! + ∆� to give 
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�!! = � �! + ∆� �! + ∆� − �!�!  and     

�!! = � �!�! + �!∆� + ∆��! + ∆�∆� − �!�! .     

Canceling the �!�! terms, and assuming that the excess electron and hole densities are equal, 

∆� = ∆�, Eqn. 2.3 becomes 

�!! = � ∆� �! + �! + ∆�
! .      

For a p-type semiconductor (such as Cu-doped CdTe), the equilibrium hole density equals the 

acceptor doping density, �! = �! (assuming complete ionization), which is much greater than 

the equilibrium electron density, according to �! =
!
!
!

!!

. So, 

�!! = � ∆��! + ∆�
! .     (2.4) 

The luminescence intensity emitted from the p-type semiconductor per unit volume (cm
-3

s
-1

) is 

proportional to Eqn. 2.4, 

� ∝ �!! = � ∆��! + ∆�
! .     (2.5) 

At this point it is not clear how non-radiative recombination factors into the model. In 

brief, non-radiative recombination affects the luminescence intensity through its effect on ∆�. In 

contrast to radiative recombination, non-radiative recombination of electrons and holes is 

accompanied by phonon emission to the semiconductor lattice. We will assume that non-

radiative recombination occurs by the Shockley-Read-Hall mechanism involving a single deep 

center with concentration �! [3]. Thus, 

�!" =
!"!!

!
!

!!!!!!!
!! !!!! ! !!!!!!!

!!
!!!!

,    (2.6) 
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where �!! is the carrier thermal velocity (cm
1
s

-1
); �!(�!) is the electron(hole) capture cross-

section (cm
2
); and �! and �! are defined as �! ≡ �!��� −

!!!!!

!!!
 and �! ≡ �!��� −

!!!!!

!!!
 

(cm
-3

). In �!, �! − �! is the energy level of the deep center with respect to the valence band and 

�! is the effective density of states in the valence band. Similarly, in �!, �! − �! is the energy 

level of the deep center with respect to the conduction band and �!  is the effective density of 

states in the conduction band. Based on the reasoning leading from Eqn. 2.3 to Eqn. 2.4 above, 

Eqn. 2.6 can be rewritten as 

�!" =
∆!!!!∆!

!

!!!!!!!
!! !!!∆!!!! ! !!!!!!!

!!
!!!∆!!!!

.   (2.7) 

Combining Eqns. 2.1, 2.2, 2.4, and 2.7 gives 

� = � ∆��! + ∆�
!
+

∆!!!!∆!
!

!!!!!!!
!! !!!∆!!!! ! !!!!!!!

!!
!!!∆!!!!

,  (2.8) 

which can be solved numerically for an arbitrary ∆� as a function of, say, �,�!, and �!, if one 

assumes an energy level for the deep center �! and reasonable values of �!, �!, and �. The 

luminescence intensity then follows from Eqn. 2.5. However, Eqn. 2.5 can be simplified in low- 

or high-injection conditions, and when the radiative recombination rate or non-radiative 

recombination rate is dominant. 

In low-injection, the excess carrier density is much smaller than the equilibirum densities, 

i.e., ∆� ≪ �! + �!; thus, Eqn. 2.5 simplifies to 

� ∝ �!! ≈ �∆��!.     (2.9) 

In high-injection, ∆� ≫ �! + �!, so that 
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� ∝ �!! ≈ �∆�
!.     (2.10) 

It is typical to discuss recombination in semiconductors in terms of a recombination lifetime. We 

can define excess carrier lifetimes (s
-1

) for the radiative and non-radiative channels, �!! ≡

∆!

!!!

 and �!" ≡
∆!

!!"

, respectively, as well as an effective excess carrier lifetime �!"" ≡
∆!

!!"!

=
∆!

!
 

[3]. The effective lifetime is related to the radiative and non-radiative lifetimes by 

1

�!""

=
1

�!!

+
1

�!"

. 

Swapping ��!"" for ∆� in Eqns. 2.9 and 2.10, we have 

� ∝ ���!�!"" in low-injection and    (2.11) 

� ∝ ��
!
�!""
!  in high-injection.    (2.12) 

It can be shown that the non-radiative lifetimes are 

�!" ≈ �!! ≡ �!�!�!!
!! in low injection (for �! → �!/2) and  (2.13) 

�!" ≈ �!! ≡ �!�!�!!

!!

 in high-injection (for �! ≫ �!),   (2.14) 

which are both independent of ∆� [3]. If the non-radiative lifetime is much shorter than the 

radiative lifetime, �!" ≪ �!! (or �!" ≫ �!!), then �!"" ≈ �!". Substituting Eqns. 2.13 and 2.14 

into Eqns. 2.11 and 2.12, respectively, results in 

 � ∝ ���!�!!=���! �!�!�!!
!! in low injection and   (2.15) 

� ∝ ��
!
�!!
!
=��

!
�!�!�!!

!!

 in high-injection.    (2.16) 

From Eqn. 2.9 and Eqn. 2.10 it is readily observed that the radiative lifetime is 
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�!! =
!

!!!

 in low-injection and      

�!! =
!

!∆!
 in high-injection.       

If the radiative lifetime is much shorter than the non-radiative lifetime, �!! ≪ �!" (or �!! ≫

�!"), then �!"" ≈ �!!. In this case, the luminescence intensity in low- and in high-injection is 

simply proportional to �. For the radiative lifetime in high-injection, we can use the fact 

that �∆�! = � to eliminate ∆� and express �!! as a function of � and � only, i.e., �!! =
!

!∆!
=

!

!"

!/!

. 

 As stated earlier, we can solve Eqn. 2.8 numerically for ∆�—assuming reasonable values 

for �! ,�!,�!, and �—in order to determine how the luminescence intensity varies as a function 

of �,�!, and �!. For example, Figures 2.1(a) and 2.1(b) show contour plots of � as function of � 

and �! for �! = 2×10
!" cm

-3
 and �! = 10

!" cm
-3

, respectively. The former doping density is 

typical for CdTe solar cells doped with Cu and the latter is a more desirable doping density [4]. 

(In the rest of Section 2.1, we ignore the proportionality constants multiplying �!! in Eqn. 2.5, so 

that � = �!! . ) We have used �! = �! 2~0.75 eV, �! = 10
!!" cm

-2
, and �! = 10

!!" cm
-2

, and 

� = 2×10
!!" cm

3
s

-1
, which are reasonable values for these parameters that have been utilized in 

CdTe device modeling [5,6]. 

One can plot two lines in Figs. 2.1(a) and 2.1(b). One line, �!! = �!", is the boundary 

where the dominant recombination mechanism transitions from band-to-band radiative to 

Shockley-Read-Hall non-radiative. The other line, ∆� = �!, is the boundary where the excess 

carrier injection level transitions from high-injection to low-injection. To avoid confusion with  
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Figure 2.1 Luminescence intensity � as a function of the concentration of deep centers �! 

and the generation rate � for two doping densities (a) �! = 2×10
!" cm

-3
 and (b) �! = 10

!" cm
-

3
. 
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the contour lines in Figs. 2.1(a) and 2.1(b), we plot the lines �!! = �!" and ∆� = �! in Figs. 

2.2(a) and 2.2(b). 

 

 
Figure 2.2 The four luminescence behavior regions from above for (a) �! = 2×10

!" cm
-3

 

and (b) �! = 10
!" cm

-3
. 
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As shown in Fig. 2.2, sufficiently far from the transition lines, we can identify four 

regions of distinct luminescence behavior: 

1 low-injection, non-radiative dominant: � ≈ ���!�!" , �!" ≈ �!�!�!!
!! 

2 high-injection, non-radiative dominant: � ≈ ��
!
�!"
! , �!" ≈ �!�!�!!

!!

 

3 high-injection, radiative dominant:  � ≈ �, �!! ≈ ��
!!/! 

4 low-injection, radiative dominant:  � ≈ �, �!! ≈ ��!
!!. 

In the basic luminescence model above, we considered an infinite semiconductor material 

with homogeneous optical and electrical properties, which is uniformly excited by an excess 

carrier generation source. However, in reality, no material is infinite in extent and common 

excitation sources such as light and high-energy electrons produce non-uniform generation 

profiles. In addition, the optical and electrical properties of many semiconductor material 

systems—such as CdTe and copper indium gallium diselenide (CIGS) thin-film solar cells—are 

strongly inhomogeneous. 

2.2 Surface and Interface Recombination 
 

Where a semiconductor material comes into contact with another medium there is a 

surface or an interface. Polycrystalline materials such as CdTe thin films also have grain-

boundaries, which are internal interfaces. Surfaces and interfaces are places where the periodic 

potential of the lattice is interrupted, and the break in periodicity generally induces a high density 

of states in the semiconductor bandgap [7]. These states can be highly active Schockley-Read-

Hall (non-radiative) recombination centers and could reduce the overall (effective) carrier 

lifetime in a solar cell device. 
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In the following, we define an important parameter related to recombination at surfaces 

and interfaces—the so-called surface (or interface) recombination velocity. To do so, we start 

with the basic luminescence model from above, except this time we cut the semiconductor in half 

and discard one of the halves. The semiconductor that is left is semi-infinite, i.e., it is infinite in � 

and � directions, but it has a surface at � = 0. The surface is defective and has a lower lifetime 

than the bulk semiconductor material (we return to this point below). We would like to determine 

what impact this lower lifetime has on the steady-state excess carrier distribution. After they are 

generated, excess carriers diffuse and recombine at the same time, which in steady-state is 

described by the diffusion equation 

�!"#
!
!
∆!

!!!
+ � −

∆!

!!!

= 0    (2.17) 

where we have used �!! the high-injection, non-radiative dominant lifetime from above as the 

bulk (� → ∞) lifetime, and �!"# is the ambipolar diffusion coefficient. At the surface, the 

boundary condition to the diffusion equation is usually taken to be 

�!"#
!∆!

!"
= �∆�     (2.18) 

where � is a parameter known as the surface recombination velocity. As the name implies, � has 

units of velocity, cm
1
s

-1
. The boundary condition states that, at � = 0, the flux of excess carriers 

towards the boundary, given by �!"#
!∆!

!"
, is equal to the excess carrier concentration ∆� times a 

constant, �. It can be shown [8] that a solution to Eqn. 2.17 with Eqn. 2.18 as the boundary 

condition is 
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∆�(�) = ��!! 1−
���

!!/!

�!"# + ��
 

where � is the excess carrier diffusion length in the bulk, defined by � = �!!�!"#. 

In Figure 2.3 we plot ∆� as a function of the dimensionless parameter, 
!

!
, for several 

values of �, using � = 10
25

 cm
-3

s
-1

, �!! = 10 ns, � = 0.5 µm, and �!!" = 2.5 cm
2
s

-1
.  

 
Figure 2.3 Plots of the steady-state excess carrier density (∆�) as a function of the number of 

bulk diffusion lengths from the surface (�/�) for several values of the surface recombination 

velocity (�). 

 

It can be seen from the plot that the higher the � value, the steeper the decay in ∆� towards the 

surface. Also, we can see that for the highest � values (>10
4
 cm/s), the steady-state excess carrier 

distribution is impacted by surface recombination over distances that are actually greater than the 

bulk diffusion length � from the surface. Because the excess carrier recombination rate is the 

same everywhere in this example, the surface and bulk excess recombination rates are equal, i.e., 

�!"#$ =
∆!(!!!)

!(!!!)
= �!"#$ =

∆!(!→!)

!!!

. Therefore, the lifetime at the surface �(� = 0) must be 
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shorter than the lifetime in the bulk �!! by a factor that depends on how fast ∆�(� = 0) 

decreases with �. We note that an s value of 1.4×10
5
 cm

1
s

-1
 was recently determined for a bare, 

unpassived CdTe single-crystal surface via an analysis of time-resolved photoluminescence data 

[9]. Recombination at interfaces is similar to that at surfaces. Of course, for an interface, excess 

carriers can diffuse towards the interface (or boundary) from both sides. This example illustrates 

that unless surface or interface states are passivated in some way so as to minimize �, these states 

can be significant sinks for excess carriers. Hence, surfaces can have a pronounced effect on 

luminescence intensities by virtue of Eqn. 2.5. 

2.3 How and Where Excess Carriers are Generated by the Electron Beam 
 

In CL, localized excitation of a non-metallic material by the electron beam creates what 

is called the electron beam excess carrier generation volume, or simply the “generation volume”, 

beneath the surface of the material. When electrons in the high-energy electron beam—known as 

primary electrons—enter the material, they are scattered by the atomic nuclei and electrons in the 

material. A series of scattering events cause the primary electrons to deposit their kinetic energy 

into a (typically) teardrop shaped volume, which is rotationally symmetric about the electron 

beam
2
. Some of the deposited energy in this volume is consumed to generate electron-hole pairs; 

hence we have the excess carrier “generation volume”. 

Primary electrons are scattered both elastically and inelastically in a material. Essentially, 

elastic “collisions” change the trajectories of the electrons, whereas inelastic scattering events 

slow the electrons down. The elastic scattering is Rutherford (or coulomb) scattering between the 

primary electrons and atomic nuclei. The total Rutherford scattering cross-section is given by 

[10, 11] 

                                                
2
 Assuming the electron beam is normal to a flat surface.  
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�! = 5.21×10
!!" !

!

!
!!

! !!!

!!!!!
!

!!!!!!
!

!

  (cm
2
),     

where � is the atomic number, � is the primary electron energy, �! is the electron rest mass, and 

� is the speed of light in a vacuum. The final term is a relativistic correction, relevant for 

energies greater than about 50 keV [10], and � is the screening parameter, 

� =
!.!×!"

!!
!
!/!

!
,       

which accounts for screening of nuclear charge by orbital electrons [11,12]. We note that the 

Mott cross-section [12,13] is more accurate than the Rutherford cross-section when electron 

energies fall below about 30 keV [11,13], so the former should actually be used in generation 

volume calculations (discussed below). The mean free path between elastic collisions can be 

determined from the total elastic cross-section, the material density �, and the atomic weight �, 

i.e., 

� =
!

!!!!!
,       

where �! is Avogadro’s number (not the acceptor doping density) [10,11]. In between elastic 

collisions, several inelastic scattering interactions are possible. However, in the continuous 

slowing down approximation, all inelastic scattering events are grouped together and the energy 

loss is assumed to be continuous. The Bethe equation [10,11,13], 

!"

!"
= −2��

!
�!

!"

!"
��

!.!""!

!∗
,    (2.19) 

describes the energy lost by primary electrons per segment of path length traveled �. Here, � is 

the electronic charge and �∗ is the mean ionization potential (or mean excitation energy), which 
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is the average energy lost by the primary electrons per inelastic interaction—considering all 

possible interactions. Joy and Luo [13] suggested the following semi-empirical form for �∗, 

�∗ =
!

!! !.!"#!!.!"#
!

!

,       

where 

� = 11.5� for � < 13, and 

� = 9.76+ 58.5�
!!.!"

 for � ≥ 13. 

Clearly, �∗ has both � and � dependence. 

Inelastic scattering results in the emission of low-energy (0–50 eV) secondary electrons, 

Auger electrons, characteristic X-rays, and bremsstrahlung (X-rays), as well as the excitation of 

plasmons, phonons, and electron-hole pairs. One can define the so-called generation factor �, 

which gives the number of electron hole pairs generated in a semiconductor (or an insulator) 

material per primary electron, 

� =
!! !!!

!!

.      (2.20) 

Here, �! is the electron beam energy, � is the fraction of primary electrons that are backscattered 

out of the material, and �! is the amount of energy that is required, on average, to generate one 

electron-hole pair from ionizing radiation [10,14–16]. Eqn. 2.20 assumes that backscattered 

electrons lose a negligible amount of energy in the material. If that is not true, we can add a 

factor of 
!!!!!"#$ !

!!

 to Eqn. 2.20, where �!"#$ is the average energy of the (emerging) 

backscattered electrons, to account for deposited energy associated with backscattered electrons 

[15]. An empirical relationship between �! and the bandgap energy �! has been found, 
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�! ≈ 3×�! [14]. Using CdTe (�!~1.5 eV) and 7.5 keV primary electrons as an example, we can 

calculate from Eqn. 2.20 that approximately 1200 electron-hole pairs are generated per primary 

electron (assuming �~0.26). It is important to note that not all of the energy that is deposited in 

the material is actually available to generate electron-hole pairs. For example, X-rays and 

secondary electrons are emitted from sample surfaces, and these have photon energy and kinetic 

energy, respectively, that cannot be “used” to generate electron-hole pairs. The deposited energy 

that leaves a sample has a bearing on measurements of �!; the more energy that leaves, the 

greater the effective value determined for �! and vice versa [16]. 

As stated above, the generation volume constitutes the region beneath the surface of the 

material in which the kinetic energy of the primary electrons is deposited. However, due to the 

inherent randomness of the elastic collisions, the trajectories of the primary electrons are 

randomized in the material, and there is no analytical equation that can be used to predict the 

spatial distribution of the deposited energy. Nevertheless, some workers have developed 

empirical expressions for the so-called “electron penetration range” denoted, �!, which is the 

range (depth) over which the majority of energy is deposited [10]. These expressions have the 

form, 

�! =
!

!
�
!

!,      (2.21) 

where � is a material dependent constant, and � is a constant with a value between about 1.5 and 

2 [10,17,18]. While the penetration range gives a good rule of thumb estimate of the depth 

dimension of the generation volume [10], it says nothing of the lateral range or the shape of the 

generation volume. To gain further (and potentially more accurate) information about the 

generation volume, one should employ Monte Carlo electron trajectory simulations [19]. In these 
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simulations, one tracks the trajectory of a primary electron through successive elastic collisions, 

while its kinetic energy is gradually reduced due to inelastic interactions. The path length 

between elastic collisions, �, is determined by product of the mean free path and the natural 

logarithm of a random number, i.e., 

� = −�× ln�!,       

where �! is a continuous random number between 0 and 1. The energy lost between elastic 

collisions is given by 
!"

!"
×�, where 

!"

!"
 is the Bethe relation (Eqn. 2.19). Two random numbers, 

�! and �!, also dictate values of the polar (�) and azimuthal (�) scattering angles for each 

elastic collision, 

�! =

��

�Ω
sin� ��

!

!

��

�Ω
sin� ��

!

!

 and 

� = 2��!,       

where 
!"

!!
 is the differential scattering cross-section [11]. Trajectory simulations stop when the 

energies of the primary electrons dip under the ionization threshold [10,11]. In order to obtain 

the spatial distribution of the deposited energy, one must record the cumulative energy deposited 

in small parcels of volume through large numbers of electron trajectory simulations. 

 Figure 2.4 displays contour plots of the energy deposited by 5 keV, 10 keV, and 15 keV 

electrons in CdTe, which were obtained by simulating 10
7
 electron trajectories in the Monte 

Carlo CASINO software [20–22]. In these plots, the energy has been summed cumulatively 

away from the point of electron beam incidence (� = 0 nm, � = 0 nm). Based on the foregoing  
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Figure 2.4 Contour plots for the energy deposited by 5 keV, 10 keV, and 15 keV electrons in 

CdTe, obtained by Monte Carlo electron trajectory simulations. The contour lines are for the 

0.25, 0.50, 0.75, and 0.99 cumulative energy fractions (or excess carrier fractions) summed away 

from � = 0, � = 0. Note the scale varies from plot to plot. 



 22 

discussion, the plots in Fig. 2.4 also give a depiction of the excess carrier distribution established 

by the electron beam and, hence, they can be used to define the spatial characteristics of the 

generation volume. The contour lines in plots such as those in Fig. 2.4 define the 0.25, 0.50, and 

0.75, and 0.99 cumulative carrier fraction contours for a given electron beam energy. Figures 

2.5(a) and 2.5(b) show the depth distributions and the lateral ranges, respectively, corresponding  

 

 
Figure 2.5 Depth distributions (a) and lateral ranges (b) for the excess carriers generated by 

1–15 keV electrons in CdTe. 
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to these carrier fraction contours for electron beam energies in the range 1–15 keV. It can be 

observed that the depth distribution grows non-linearly with the electron beam energy �! in 

agreement with the empirically derived �! expressions (Eqn. 2.21). However, the Monte Carlo 

simulation has also allowed us to see the teardrop shape of the generation volume, and to 

determine the lateral range, which also seems to increase non-linearly with �!. Figures 2.5(a) 

and 2.5(b) provide very useful estimates for the generation volume that can be referenced prior to 

any CL experiment on CdTe. 

2.4 Brief Description of the CL Spectrum Imaging Experiment 
 

A schematic of the CL spectrum imaging experiment at the National Renewable Energy 

Laboratory (NREL) is presented in Figure 2.6. In the vacuum chamber of the scanning electron 

microscope (SEM), the electron beam is incident on the surface a luminescent sample, through a 

small hole in a parabolic mirror. The sample may be cooled by a cryostage if desired. The 

electron beam continually excites electron-hole pairs within the generation volume of the 

sample. In general, non-uniform generation, surface recombination, and electric fields result in 

diffusion (and possibly drift) of excess carriers from the generation volume, which occur 

simultaneously with carrier recombination. These processes are described by the three-

dimensional continuity equation [8].  

Excess carriers can recombine by radiative or non-radiative channels, as discussed above. 

Photons from radiative recombination can be collected when the sample is at the focal point of 

the parabolic mirror and then transmitted along an optical guide out of the SEM chamber. As 

shown in Figure 2.6, the light is collimated by a lens into a spectrograph for wavelength 

dispersion and spectrum detection by a charge-coupled device (CCD). In the CL spectrum 

imaging experiment, we synchronize the �,� scanning control of the electron beam with the  
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Figure 2.6 Schematic of the CL spectrum imaging experiment at NREL. 

 

spectrum acquisition system such that we collect a full spectrum at each pixel in an SEM image. 

Further experimental details on CL spectrum imaging can be found in Ref. 23. We note briefly 

here that two of the factors determining the spatial resolution in a CL spectrum imaging 

experiment are the same as those in basic CL imaging: the size of the generation volume and the 

diffusion length [10,19]. The former we discussed as depending mainly on the electron beam 

energy, but it may also depend on the diameter of the electron beam. The additional factor 

affecting the spatial resolution in a CL spectrum imaging experiment is the pixel (or step) size. 

One should be able to avoid a pixel size-limited spatial resolution by choosing a step size that is 

shorter than the lateral range of the generation volume. 

Unfortunately, there are inevitable losses to the luminescence signal in any CL 

experiment. Perhaps the most obvious loss to signal is the loss due less than 100% collection, 

transmission, and detection efficiency. This loss is unique to each CL system and depends on 

such factors as the mirror collection efficiency, the transmissive efficiency of the optical guide, 

the quantum efficiency of the detector, etc. Refraction and total internal reflection causes a 
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significant reduction in the overall signal that can be emitted from the surface of a sample. It can 

be shown [10] that on passing from a sample with refractive index � into a vacuum (viz. an SEM 

vacuum chamber) the light intensity is reduced by a factor of 

1−
!!!

!!!

!
!! !!!!

!!
.     (2.22) 

Thus, for CdTe with a refractive index of ~2.75, calculation of Eqn. 2.22 shows that only ~2.7% 

of the light emitted from a CdTe sample can actually exit through the surface and be collected. 

Another loss to CL signal is light reabsorption. Light is reabsorbed in the material along its path 

length � according to Beer’s law, i.e., 

� � = �!�
!!" 

where � �  is the light intensity at �, �! is the initial intensity, and � is the (wavelength 

dependent) absorption coefficient. Light that is emitted in the material has a wavelength that is 

less than or equal to the bandgap energy. Hence, reabsorption becomes an issue if there is a high 

absorption coefficient for sub-bandgap photons and if the path length to the surface is long (e.g., 

if the generation/emission depth is large). 
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  CHAPTER 3

BRIEF INTRODUCTION TO CdTe CRYSTALLOGRAPHY AND 

STRUCTURAL DEFECTS 

 
 CdTe has the sphalerite or zinc-blende crystal structure with point group symmetry 43� 

and space group symmetry �43�. A unit cell of the structure is shown in Figure 3.1 below. The 

Cd atoms (light gray spheres) occupy the corner and face-centered sites and the Te atoms (dark 

gray spheres) occupy sites displaced by one-quarter of a body-diagonal, or !
!
111 , from the Te 

sites [1]. Thus, the Bravais lattice is face-centered cubic (FCC) with a basis of Cd at (0,0,0) and 

Te at (!
!
,
!

!
,
!

!
), 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 Fig. 3.1. 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 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 the same as the diamond crystal structure except 

that the (!
!
,
!

!
,
!

!
)-type positions are occupied by a different kind of atom. Each atom is 

tetrahedrally coordinated with four atoms of the opposite kind. 

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

This gives rise to crystallographic “polarity” in sphalerite based-materials, in which planes with 

opposite indices and belonging to the same family can have different structures. The polarity of 

the (111) and (111) planes in the {111} family can be observed in Figure 3.2 where 111  

planes are A atom or Cd terminated and the (111) planes are B atom or Te terminated [2]. Other 

planes such as {211} and {311} are also polar and, in general, the degree of polarity of a 
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Figure 3.1 The sphalerite crystal structure of CdTe. The structure is FCC with basis atoms 

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

!
,
!

!
). 

 

particular plane is described by the polarity index [2]: 

� =
!!!!!

!!

      (3.1) 

where �!, �!, and �! 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 (� = 0). On the other hand, the 

directions 110  and 110  on the (001) planes are polar. 

As shown in Fig. 3.2, the stacking sequence of the close-packed {111} planes in the 

sphalerite structure is the same as it is in the FCC structure except that the 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. 

1 

2 
3 

4 
x 

y 

z 
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Figure 3.2 A 110  projection of CdTe’s sphalerite crystal structure. The 111  surface is 

terminated with Cd atoms and the (111) surface is terminated with Te atoms. The close-packed 

stacking sequence is AαBβCγAαBβCγ… 

 

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

thermal conductivity and critical resolved shear stress (CRSS) [1]. Thus, CdTe is inclined to 

develop high concentrations of structural defects during growth—including twin boundaries and 

grain boundaries, intrinsic and extrinsic stacking faults, dislocations and point defects. 

 The slip systems for CdTe are of the form 110 {111}. Dislocations have Burgers 

vectors, � = !

!
110 , which are at an angle of 60° to the dislocation lines vectors, �. Because 

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

dislocations according to the reaction [2]: 

!

!
110 →

!

!
121 +

!

!
211 .     (3.2) 

These partial dislocations have 30° and 90° character [2]. A ribbon of stacking fault is created 

upon dissociation, and it grows until the energy of repulsion between the two partial dislocations 
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is balanced by the surface energy created the stacking fault (interface). 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 stacking faults and the 

latter are called extrinsic stacking faults. 

A consequence of the crystallographic polarity in CdTe is that dislocation cores may 

contain either all Cd or all Te dangling bonds [2].
1
 In addition, different dislocation core 

structures are obtained depending on the location of the slip plane. Figure 3.3(a) shows how the 

slip plane can be located at either a type I position or type II position, and Figure 3.3(b) shows 

how the Cd or Te core dislocations combine with the two slip plane positions. For the “shuffle” 

set (s) of dislocations the slip plane is type I, whereas for the “glide” set (g) the slip plane is type 

II. 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 core structures. 

 

Figure 3.3 (a) Type I and Type II slip planes in CdTe. (b) Shuffle and glide set dislocations 

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

 

Twins and twin boundaries are prevalent in CdTe. In FCC metals, the crystallographic 

relationship between the twin and the matrix is a 70.5° rotation about the 110  tilt axis. The 

                                                
1
Broken, directional bonds. 

(a) (b) 
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relationship is the same for first-order twins in the sphalerite structure, except that polarity in 

sphalerite structure gives rise to two twin variants: the “upright twin” and the “inverted twin” [2]. 

In the inverted twin the tilt angle about the 110  axis is 70.5° as with FCC metals, but in the 

upright twin the tilt angle becomes 180° +  70.5° = 250.5° [2]. The perfect Cd-Te bonding 

arrangement is preserved at the twin boundary for the upright tiwn. However, for the inverted 

twin, the polarity is reversed from matrix to twin such that the twin boundary must contain either 

a plane of Cd-Cd or Te-Te “wrong bonds”, which is 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 no 

longer coherent and is called a “lateral twin”. Four lateral twins have been identified in the 

sphalerite structure, {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 

crystallographic relationships for higher order twins and for grains with other highly symmetric 

relationships have been explored with the coincidence site lattice (CSL) model. A general 

discussion of the CSL model follows. 

Friedel coined the term “coincidence lattice” in 1926 when he recognized that—for 

twinned materials—if the lattice of the twin 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. The ratio of the CSL unit cell volume (�) to the unit cell 

volume of the crystal (�), 

�
� = Σ,     (3.3) 
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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 (ℎ��) are normal to the mirror (twin) plane 

(���), the Friedel index is given by, 

=�! + �! + �!,     (3.4) 

The Friedel index for twins is given by 

= 3
! ,     (3.5) 

where � is the twinning order [1]. In addition, for cubic materials, Friedel proved that Σ could 

only take on odd integer values. 

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 (ℎ��) 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 

[���] that is common to the lattices of both grains. Rotating the lattice of one of the grains about 

this axis through some angle � 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 � given an axis of rotation [���] 

in the cubic system [5], 
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= �
!
+ ��!  and     (3.6) 

tan �
2
= ��

!
!�,     (3.7) 

where � = �
!
+ �

!
+ �

! and � and � are integers ≥ 0. The angle/axis connection to CSLs is 

readily observed with the aid of coincidence plots. The coincidence plot in Figure 3.4 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 � = 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 Fig. 

3.4, 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 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 “Brandon criterion” is based on small-angle grain boundary theory and is 

widely used
2
 as the misorientation angle tolerance for CSL grain boundaries [6]. For small-angle 

grain boundaries, dislocations with spacing � and Burgers vector (magnitude) � accommodate 

small misorientations � between adjacent grains, 

    � = �
�

.      (3.8) 

                                                
2
Brandon’s 1966 paper, “The Structure of High-Angle Grain Boundaries,” has over 700 citations. 
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Figure 3.4 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 relates � to the periodicity in the grain boundary plane, 

� = �!∑
!!

!      (3.9) 

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

small-angle grain boundary. Thus, for = 3, � = 8.67° [7]. 
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4.1 Abstract 
 

We used low-temperature cathodoluminescence (CL) spectrum imaging (CLSI) with 

nanoscale spatial resolution to examine charge-carrier recombination and defects at grain 

boundaries (GBs) and grain interiors (GIs) in as-deposited and CdCl2-treated CdTe thin films. 

Supporting time-resolved photoluminescence, T=4 K photoluminescence, secondary ion mass 

spectrometry, and electron backscatter diffraction measurements were conducted on the same 

films. Color-coded maps of the luminescence transition energies (photon energy maps) were 

used to analyze the qualitative characteristics of the CLSI data. We applied an image analysis 

algorithm to the pixels in grayscale CL intensity images to compare the luminescence intensities 

and spectra at the GIs and GBs quantitatively and with statistical relevance. Our results show 

that GBs in as-deposited films are active recombination centers and are thus harmful to solar cell 

operation. CL GB defect contrast is quantifiably reduced for the CdCl2-treated film, which is 

direct evidence of passivation of deep GB core states resulting from the treatment. However, the 
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CdCl2 treatment is not a perfect fix for GB recombination, and GB recombination may still be 

limiting performance in CdCl2-treated devices. 

4.2 Introduction 
 

CdTe has often been touted as a promising photovoltaic (PV) material. With annual 

production of thin-film CdTe solar cell modules of more than 1 GW since 2009 [1], it appears 

that CdTe is making ample returns on this promise. On the other hand, the average efficiency of 

currently produced modules is ~13–14% [2], and practical use of CdTe modules is still limited to 

large-area PV applications (e.g., power plants). CdTe solar cell manufacturers are also facing 

falling costs of silicon-based modules, which may increase competition for large-scale projects. 

For CdTe technology to remain competitive in the PV market, continued gains in efficiency and 

reductions in module cost per watt are necessary. 

Many of the historical efficiency gains for CdTe solar cells are the result of empirical 

optimization of device processing recipes. Consequently, the direct effects of varying processing 

parameters on performance have been well-studied. Less well-studied are the atomic/nanoscale 

effects of processing on the distribution and electrical properties of defects and dopants in 

polycrystalline (pc)-CdTe layer. A prime example of this dichotomy is given by the chlorine 

“activation” treatment—a post-deposition processing step that has been an essential part of CdTe 

technology since the 1980s. The optimized activation treatment basically consists of exposing 

the CdTe layer to CdCl2 at temperatures of 350°–450°C for 5–30 minutes in an oxygen-

containing environment and is called the “CdCl2 treatment” [3],[4]. This treatment is known to 

have profound effects on the electrical quality of films and devices: the minority-carrier lifetime 

increases by about an order of magnitude [4]–[6] and all aspects of the current density–voltage 

(JV) curve performance are improved [3],[4],[7]. Some uncertainty persists in spite of the large 
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number of studies devoted to understanding the mechanisms of improvement. Characterization 

of CdTe films pre- and post-CdCl2 treatment has shown that it can induce recrystallization and 

grain growth—a process that depends on the pre-treatment grain size and stress state in the films 

[8]–[11]; it also promotes CdTe-CdS intermixing [3],[12]. These changes, however, are not 

believed to account for the bulk of the CdCl2-related lifetime and performance improvements. A 

commonly suspected mechanism for the improvements is the passivation of grain boundaries 

(GBs) in the CdTe layer. Recent atomic/nanoscale studies [13],[14] have shown that chlorine 

segregates at the GBs in very high concentrations during the CdCl2 treatment, and theoretical 

calculations suggest that chlorine can passivate the deep GB core states [15],[16]. However, 

direct experimental evidence for GB passivation is limited [17]–[19], and the extent of 

passivation has not been explored. When enough chlorine substitutes for tellurium atoms at the 

GB cores [13], it may form a positive electrostatic potential at the GBs [13],[20]. It is reported 

that GB potentials help to separate charge carriers in the CdTe layer and subsequently serve as 

conduits for minority-carrier conduction to the main PV junction [13],[20]–[25]. However, the 

value of the potential (in meV) at GBs has not been determined with great accuracy (especially 

under film/device illumination), so the impact of GB potentials on device performance is open to 

debate [26]. In addition, chlorine introduced during the CdCl2 treatment is supposed to bind with 

cadmium vacancies (VCd
2-

) to form point-defect complexes such as (VCd
2-

–ClTe
+
)

-
 or (VCd

2-
–

2ClTe
+
)

0
 [14]. Formation of these defect complexes presumably increases the minority-carrier 

lifetime, because the complexes occupy shallower levels in the bandgap than isolated VCd
2-

 

defects. Nonetheless, it has not been shown whether the formation of (VCd
2-

–ClTe
+
)

-
 or (VCd

2-
–

2ClTe
+
)

0
 defect complexes (and the associated lifetime improvement) occurs at both grain interior 

(GI) and GB locations or at only one. Although recent studies [13],[14],[24] have certainly made 
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valuable progress in understanding the CdCl2 treatment at a more fundamental level, further 

atomic/nanoscale studies are required to clear up the remaining uncertainties. 

In this study, we used cathodoluminescence (CL) spectrum imaging (CLSI) with 

nanoscale spatial resolution to examine charge-carrier recombination and defects at GBs and GIs 

in as-deposited and CdCl2-treated CdTe thin films. Supporting time-resolved photoluminescence 

(TRPL), T=4 K photoluminescence (PL), secondary ion mass spectrometry (SIMS), and electron 

backscatter diffraction (EBSD) measurements were also carried out on these films. We discuss 

the qualitative characteristics of the CLSI data, which is facilitated by color-coded maps of the 

luminescence transition energies (photon energy maps). An image-analysis algorithm has also 

been applied to the pixels in grayscale CL intensity images to extract the locations of the GBs 

and GIs. Using these locations, we are able to accurately compare the luminescence intensities 

and spectra at the GIs and GBs both quantitatively and with statistical relevance. Our results 

show that GBs in as-deposited films are active recombination centers and are thus harmful to 

solar cell operation. CL GB defect contrast is quantifiably reduced (although not eliminated) for 

the CdCl2-treated film, which is direct evidence of passivation of GB core states as a result of the 

treatment. The corollary to this finding, however, is that the CdCl2 treatment is not a perfect fix 

for GB recombination, and GB recombination may still be limiting the performance of CdCl2-

treated CdTe devices. 

4.3 Experimental 
 

We analyzed as-deposited and CdCl2-treated CdTe thin films in the conventional 

superstrate configuration without back contacts (i.e., glass/SnO2:F/SnO2/CdS/CdTe) by CLSI, 

EBSD, PL, TRPL, and SIMS. Film deposition was carried out as follows. Pilkington, North 

America, supplied TEC15 glass substrates coated with high-resistance SnO2. Thin layers of CdS 
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were deposited by chemical bath deposition at T=68°C. CdTe layers were deposited via close-

spaced sublimation (CSS) to thicknesses of ~4–5 µm. CSS deposition took place in a chamber 

with 50 torr, 0.5% oxygen mixed helium ambient for 1 min, while the substrate temperature was 

maintained at 607°C. A “wet process” was used for the CdCl2 treatment: a saturated CdCl2 

methanol solution was applied directly to the CdTe surface, followed by annealing for 30 min at 

T=390°C in dry air ambient. Pieces of the films used in EBSD and CLSI analyses were briefly 

ion-milled with 2.5 kV Ar
+
 ions in a JEOL Cross-Polisher to flatten the CdTe surface (e.g., see 

Fig. 1, Ref. 27) and avoid topographic effects in the measurements. Film pieces used in all other 

analyses were not ion-milled. EBSD was conducted in a FEI Nova 630 NanoSEM field-emission 

scanning electron microscope (FE-SEM), equipped with an EDAX Pegasus/Hikari A40 EBSD 

system. CLSI was performed at T=25 K in a JEOL 7600F FE-SEM. In CLSI, 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 (e-beam) 

positioning. (With the SEM magnification used, the dimensions of each pixel in the CL images 

shown below are about 90 × 90 nm.) CL spectra were dispersed by a spectrometer and 

diffraction grating blazed to 500 nm with 150 groves/mm, and the spectrum acquisition time was 

10 ms. The e-beam parameters used in CL were 7.5-kV accelerating voltage and ~1-nA probe 

current. The CL carrier generation volume was determined by Monte Carlo electron energy-loss 

simulations using the CASINO software [28]. Figure 4.1 depicts the normalized distribution of 

generated carriers beneath the CdTe surface, which has been summed radially from the point of 

e-beam incidence (x=0 nm, z=0 nm). Although the CL spatial resolution is affected by the 

diffusion and drift (if electric fields are active) of excess carriers after e-beam generation, the CL 

probe itself is undeniably nanoscale. 
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Figure 4.1 Nanoscale CL generation volume determined by Monte Carlo electron energy-

loss simulations of 7.5-keV electrons in CdTe. The carrier distribution has been normalized and 

summed radially from the point of e-beam incidence (x=0 nm, z=0 nm). Black contour lines 

indicate 0.25, 0.50, 0.75, and 0.99 carrier fractions. 

 

With ~1 nA of probe current used in the CL experiments, the steady-state injection of 

excess carriers is estimated to be ~10
17

 cm
-3

. Given that the (room-temperature) carrier 

concentration in CdTe thin films is ~10
14

–10
15

 cm
-3

, the excess carrier density injected by the e-

beam in CL is well into the high-injection regime. T=4.25 K PL measurements were obtained for 

comparison to the CL data. PL emission spectra were measured with excitation from the CdTe 

side of the films using the 632.8-nm line of a continuous-wave HeNe laser with 1-mW laser 

power and a 250-µm spot size. Estimates of the PL laser attenuation depth and excitation density 

cannot be reached in this case because the low-temperature absorption coefficient for λ=632.8 

nm is unknown. Two-photon excitation (2PE) TRPL was used to measure the minority-carrier 

lifetime (room-temperature carrier lifetime) in the films. 2PE TRPL excitation was from the 

CdTe side (or back) of the films and the excitation wavelength was 1100 nm; further 

experimental details can be found in Ref. 29. The 20-µm spot size of the 2PE laser was larger 

than the thickness of the CdTe layers (~4–5 µm); therefore, the generation volume was (almost) 

uniformly distributed over the entire thickness of the layers. Finally, the concentrations of some 

important impurity species, including Cl, O, and S, were determined from dynamic SIMS depth 
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profiles to assist the qualitative discussion of the CLSI data. SIMS data were collected with a 

Cameca 7F instrument using a Cs
+
 primary ion-beam. 

4.4 Results and Discussion 
 

The results are discussed in three parts: (1) TRPL and PL, (2) qualitative GB and GI 

analysis, and (3) quantitative GB and GI analysis. 

4.4.1 TRPL and PL 

2PE TRPL decays for the as-deposited and CdCl2-treated films are shown in Figure 4.2. 

Deconvolution of instrument response was used when fitting these data with an exponential 

decay model. The decay for the as-deposited film is single-exponential with a lifetime of τ1=0.20 

ns, whereas two exponentials were used to fit the decay for the CdCl2-treated film—giving 

lifetimes of τ1=0.16 ns and τ2=1.6 ns. It is good practice to interpret TRPL decays based on the 

results of numerical (drift-diffusion) simulations of the TRPL experiment in the material, as was 

recently achieved for one-photon excitation (1PE) TRPL in CdS/CdTe thin films [30]. At this 

time, however, an analogous simulation has not been conducted for 2PE TRPL. Here, we employ 

the results of Ref. 29, which show that lifetimes obtained by 2PE TRPL compare well with those 

obtained by 1PE TRPL. (Note that the lifetimes for the CdCl2-treated film in Fig. 4.2 are nearly 

identical to the 2PE lifetimes listed in Ref. 29, Table II, for a complete, CdCl2-treated solar cell.) 

It was shown that the τ1 measured by 2PE is essentially the same (fast) lifetime as τ1 measured 

by 1PE when excitation was from the back side. Hence, this decay component in 2PE is 

attributed to recombination at the back surface with S~1.5×10
5
 cm/s [29], as well as to GB 

recombination, which is potentially just as fast. The value of the (slower) lifetime τ2 measured by 

2PE was also shown to be comparable to τ2 measured by 1PE when excitation was through the 

glass/junction. Numerical simulations of the TRPL signal in 1PE with excitation through the 
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glass/junction [30] have revealed the important finding that τ2 is related to the bulk minority-

carrier lifetime in the CdTe layer. 

We assume that the back-surface recombination velocity for the as-deposited and CdCl2-

treated films is about the same, which is supported by the similar τ1 values for the films. Because 

the lifetime τ1 accounts for the entire TRPL decay for the as-deposited film, GB recombination is 

likely a significant decay channel for excess carriers in this film. This would be consistent with 

the high GB recombination velocity we recently determined via the CL technique of Mendis et 

al. [31] for another as-deposited CdTe thin film [32]. In contrast, observation of the slower decay 

component for the CdCl2-treated film is evidence in support of passivation of the GB core states 

as a result of the treatment. The CLSI data presented below provide direct evidence for this 

conclusion and also show that the CdCl2 treatment improves the optoelectronic properties within 

the GIs. 

 
Figure 4.2 2PE TRPL decays for the as-deposited and CdCl2-treated films. For the CdCl2-

treated film, τ1 and τ2 make up 84% and 16% of the TRPL decay, respectively. Observation of 

the slower decay component τ2 for the CdCl2-treated film is consistent with GB passivation 

resulting from CdCl2 treatment. 
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Low-temperature PL is widely used as a diagnostic technique for crystal quality and 

purity in semiconductors, and it can be the source of a wealth of information on shallow 

impurity- and defect-related levels. In particular, there is a considerable amount of literature on 

CdTe PL. Thus, comparing our CLSI data to the CdTe PL literature helps to demonstrate the 

broader applicability of our results. Figure 4.3 shows (a) T=4.25 K PL spectra and (b) T=25 K 

global spectra from the CLSI data for the as-deposited and CdCl2-treated films. Global spectra 

are generated by integrating the intensity of all (~60 k) spectra for each CL spectrum image. It is 

immediately apparent that the same, striking transformation of luminescent defects caused by the 

CdCl2 treatment was detected by T=4.25 K PL and T=25 K CL. The PL and CL spectra for each 

film match up very well—which likely indicates that the excitation depths and densities in the 

PL and CLSI measurements were similar. The most notable difference between Figs. 4.3(a) and 

3(b) is that the CL spectrum for the CdCl2-treated film shows a relatively low intensity for 

exciton transitions (~1.575–1.61 eV). Based on studies in the literature [33],[34], this difference 

is likely due to the lower temperature for the PL measurement. The relative sharpness of the PL 

bands can be credited to the lower PL measurement temperature as well as the lower spectral 

resolution of the CL setup. Figure 4.3 leads us to conclude that: (1) luminescence transition 

assignments from the low-temperature PL literature are valid for our T=25 K CLSI data; and (2) 

the low-kV Ar
+
 ion-milling surface preparation used for film pieces analyzed by CLSI preserves 

a high percentage of the spectral features inherent to CdTe back surfaces and surface damage is 

not extensive. 

4.4.2 Qualitative GB and GI Analysis 

 

As shown in Fig. 4.3, we divide the 1.425–1.65-eV energy window of the CL spectra into 

three regions and designate a color to each of the regions, i.e., RED: 1.425–1.50 eV; GREEN: 
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1.50–1.575 eV, and BLUE: 1.575–1.65 eV. The transitions that fall into the regions are [34]: 

(BLUE region) bound exciton (X) transitions, spanning ~1.575–1.61 eV; (GREEN region) 

electron to (neutral) acceptor (eA
0
) transitions with a zero-phonon line at ~1.56 eV and lower-

energy donor-acceptor pair (DAP) transitions involving the same acceptor; and for the as-

deposited film only (RED region), Y-band transitions with a zero-phonon line around 1.47–1.48 

eV. As described below, the features in the RED region for the CdCl2-treated film are not related 

to the chlorine A-center; they are the low-energy tail of GREEN-region transitions. 

 
Figure 4.3 Comparison of (a) T=25 K CL global spectra and T=4.25 K PL spectra for the as-

deposited and CdCl2-treated films. PL and CL spectra are very similar despite the differences in 

the measurements. The RED, GREEN, and BLUE color bars in (a) define the energy-region 

color scheme used throughout the remainder of the manuscript. 

 

It is noteworthy that A-center transitions are not observed in the spectra for the CdCl2 

film, because strong A-center luminescence is typically reported in PL studies of chlorine-treated 

films [33]–[38]. A-center luminescence results from DAP transitions between electrons bound to 
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ClTe
+
 donors (as well as to possibly other shallow donors) and holes bound to A-centers. A-

centers are point-defect complexes composed of cadmium vacancies VCd
2-

 and nearest-neighbor 

ClTe
+
 donors [A-center=(VCd

2-
–ClTe

+
)

-
] [38]. Emergence of this luminescence band after the 

chlorine treatment is believed to be evidence for the conversion of the relatively deep (lifetime-

limiting) levels caused by VCd
2-

 into shallower A-center levels. As shallow acceptors, A-centers 

may also improve the p-type doping in CdTe thin films [39]. The results of recent studies 

[32],[34],[40] have suggested that a precondition for observing a strong A-center band in 

chlorine-treated films may be a significant Z-band in the spectra for the films prior to treatment 

(i.e., films in the as-deposited state). We did not see the latter in the as-deposited spectra here, so 

this could account for the lack of A-center luminescence in the spectra for the CdCl2 film we 

studied. As discussed below, for our CdCl2-treated film, chlorine may have also formed a 

different defect complex. 

The Y-band, which is only apparent in the spectra for the as-deposited film (RED region), 

is frequently observed in undoped CdTe spectra. This luminescence band has been correlated 

with high densities of extended defects in hetero-epitaxial CdTe films [41],[42] and in bulk CdTe 

crystals [43]–[45]. The leading model to explain Y-band behavior is that due to Hildebrandt et 

al. [45], in which Y-luminescence is thought to originate from excitons bound at 60° Te glide 

dislocation segments. This model, however, may not account for the distinctive low phonon 

coupling of the band [34],[41],[44] or the slight excitation dependence of the luminescence 

transition energy [32],[34],[41]; the latter is a known trait of DAP transitions. An additional 

unexplained feature of the Y-band is that a high-energy shoulder at ~1.50 eV is often evident on 

this band, even though the zero-phonon line is commonly cited as 1.476 eV. In Fig. 4.3, this 

high-energy shoulder is more developed in the CL spectrum than in the PL spectrum. We believe 
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this is due to overlap with the phonon replicas of the transitions in the GREEN region, which 

appear to have a greater intensity in CL than in PL. 

The GREEN region emission structures are remarkably different for the as-deposited and 

CdCl2-treated films. As one might expect, this is due to the drastic increase in the chlorine 

concentration of the CdTe layer resulting from the CdCl2 treatment. In a PL study by Halliday et 

al. [46], (previously undoped) CdTe crystals were ion-implanted with a number of impurity 

species, including Cu, Na, S, Cl, Sb, and O—i.e., impurities with potentially high concentrations 

in CdTe solar cells. Implantation of each species was shown to independently enhance the 

emission in the eA
0
 and DAP region compared to the undoped case. In the as-deposited film used 

in this study, SIMS-determined concentrations of S, Cl, and O were all in the range of 10
17

–10
18

 

cm
-3

 at the CdTe back surface. These concentrations are probably much higher than those for Cu, 

Na, and Sb [47], such that the GREEN region eA
0
 and DAP transitions in the as-deposited 

spectra in Fig. 4.3 can likely be attributed to S, Cl, and O impurities. Note that other studies have 

similarly established a connection between Cl and O impurities and emission in this region 

[33],[48]–[50]. For the CdCl2-treated film, we found SIMS concentrations of Cl at the back 

surface in the range of 10
19

–10
20

 cm
-3

, which is a 100-fold increase over the range for the as-

deposited film. Increases in concentrations of S and O, however, were about 10×, and 

concentrations of the other (eA
0
 and DAP emission-related) impurities listed above are not likely 

to reach levels comparable to that of Cl [47]. (See Section 4.6 for SIMS data). Thus, for the 

CdCl2-treated film, it is reasonable to assume that Cl is the primary impurity involved in the 

GREEN region eA
0
 and DAP transitions. A Cl defect complex (VCd

2-
–2ClTe

+
)

0
, which is 

sometimes called the β-acceptor complex [33],[49],[50], has been proposed as the acceptor in 

these transitions, whereas the donor in the DAP transitions is likely ClTe
+
 [49]. It is very 
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plausible that the association of Cl impurities in this defect complex is responsible for the 

absence of A-center luminescence for the CdCl2-treated film studied here. 

The CL spectral resolution was not sufficient to resolve the fine features in the excitonic 

luminescence bands, so we do not discuss these bands in detail here. Table 4.1 provides a 

summary of the transitions in the RED, GREEN, and BLUE energy regions for the films. 

Table 4.1. Summary of transitions in the RED, GREEN, and BLUE energy regions for the 

as-deposited and CdCl2-treated films. Listed in each energy region for the films are the type of 

transition(s)—bound exciton (X), electron to neutral acceptor eA
0
, and donor-acceptor pair 

transitions (DAP)—and the associated impurity species. 

 as-deposited CdCl2-treated 
Transition 

Energy (eV) 

Transition 

Type 

Impurity or 

Defect Species 

Transition 

Type 

Impurity or Defect 

Species 
     

BLUE region: 

1.575–1.65 
X many X likely Cl 

     

GREEN region: 

1.50–1.575 
eA

0
 and DAP likely S, O, Cl eA

0
 and DAP 

acceptor: (VCd
2-

–2ClTe
+
)

0
 

a.k.a. β-acceptor; DAP donor: 

ClTe
+
 

     

RED region: 

1.425–1.50 
? 

Y-band: extended 

(structural) defects 
* * 

     

*These transitions are actually the low-energy tail of the GREEN region transitions. 

Figure 4.4 shows the CLSI data for the as-deposited film across the top row [(a), (b), and 

(c)] and the CdCl2-treated film across the bottom row [(d), (e), and (f)]. Figures 4.4(a) and 4.4(d) 

are grayscale CL intensity images of the excitonic energy “window” (X~1.575–1.61 eV) for the 

films. Images of this energy window most clearly show the differences between GBs and GIs. If 

we envision the pixel gray values as luminescence landscape, GIs are the CL emission peaks or 

plateaus whereas GBs are the valleys. In Section 4.4.3, we show that this is because the CL GB 

contrast is highest for the excitonic transitions. It is important to point out that the qualitative 

result that exciton luminescence is sharply reduced at GBs has been found repeatedly in CL 
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studies on CdTe thin films [51]–[53]. Qualitatively, there is also less grain-to-grain variation in 

CL intensity for the CdCl2-treated film [Fig. 4.4(d)] than for the as-deposited film [Fig. 4.4(a)]. 

Figures 4.4(b) and 4.4(e) are photon energy maps of the 1.425–1.65-eV energy window 

for the films. The window was first divided into RED, GREEN, and BLUE energy regions as 

defined above. The total counts in each region for the spectra were then normalized to the 0–255 

scale of the RGB code to generate the color for each pixel. With this normalization scheme, pixel 

color (roughly) indicates the dominant transition energy range at each location of CL excitation. 

The spectra plotted in Figs. 4.4(c) and 4.4(f) were taken from the boxed areas (in white dotted-

line) in the maps; the line color for each spectrum was chosen to reflect the color of the 

corresponding pixel. From Figs. 4.4(b) and 4.4(c), it can be observed that most of the GIs for the 

as-deposited film have BLUE (X) dominant luminsecence, and a much smaller fraction of GIs 

exhibit GREEN (eA
0
 and DAP) or RED (Y-band) dominant luminescence. The fact that Y-band, 

or extended-defect-related, luminescence is only dominant within a handful of GIs is consistent 

with reports from transmission electron microscopy (TEM) investigations of CdTe thin films that 

the density of GI defects such as stacking faults, twin boundaries, and dislocations varies 

significantly from grain to grain [54],[55]. In Fig. 4.4(b), we also point out that GREEN region 

eA
0
 and DAP transitions seem to be the preferred type of CL emission (when exciting) at the 

GBs. Referring to Table 4.1, this may suggest that S, O, and Cl impurities exist in higher 

concentrations at the GBs relative to the GIs in the as-deposited film. This result is backed by 

theoretical predictions that the formation energy for these impurities in CdTe is lower at the GBs 

relative to the GIs [13],[16],[56]. The photon energy map for the CdCl2-treated film [Fig. 4.4(e)] 

reveals that GREEN region eA
0
 and DAP transitions essentially dominate at both GB and GI 

locations. This means that improvements in minority-carrier lifetime due to formation of β-
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acceptor defect complexes during the CdCl2 treatment likely occur at both GBs and GIs. On 

close inspection of Fig. 4.4(e), the GIs appear to be slightly bluer in color and the GBs appear 

slightly greener. The spectral range for the reddish-colored spectrum for the CdCl2-treated film 

[Fig. 4.4(f)] shows that this color in the photon energy map is not indicative of A-center 

transitions. Instead, this color represents a broader, red-shifted version of the GREEN region eA
0
 

and DAP transitions. Comparing Figs. 4.4(b) and 4.4(e), we can conclude that the optoelectronic 

properties of the GBs and GIs become more aligned due to the CdCl2 treatment. 

 
Figure 4.4 CLSI data for the as-deposited film across the top row [(a), (b), and (c)] and the 

CdCl2-treated film across the bottom row [(d), (e), and (f)]. (a) and (d) are grayscale CL intensity 

images of the excitonic energy window (X~1.575–1.61 eV), which show that exciton emission is 

sharply reduced at the GBs. (b) and (e) are photon energy maps of the 1.425–1.65-eV energy 

window. Pixel color in these maps gives the dominant transition energy range (defined by the 

color bar below the maps) in the spectra at each location. The spectra (c) and (f) were taken from 

the areas in white boxes in (b) and (e), respectively. 
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4.4.3 Quantitative GB and GI Analysis 

 

Figure 4.5 demonstrates the image-analysis technique that we used to quantitatively 

compare the luminescence intensity and spectral characteristics of statistically relevant numbers 

of GBs and GIs. The top row [Figs. 4.5(a), (b), and (c)] and bottom row [Figs. 4.5(d), (e), and 

(f)] pertain to the as-deposited film and CdCl2-treated film, respectively. Figures 4.5(a) and 

4.5(d) are grayscale CL intensity images of the entire spectral range (1.35–1.65 eV) for the films. 

As with the CL intensity images of the excitonic energy window [Figs. 4.4(a) and 4.4(d)], it is 

clear that the GIs are peaks or plateaus in the luminescence and the GBs are the luminescence 

valleys. This premise allows us to use a watershed segmentation algorithm [57] to extract the 

locations of the GB and GI pixels. Applying the watershed algorithm to the grayscale images 

results in the segmented images shown in Figs. 4.5(b) and 4.5(e), in which segments (lines) are 

drawn in the valley locations. We compare the CL intensity at the GB and GI locations by 

computing the CL GB contrast: 

CL GB contrast =
!!",!"#!!!",!"#

!!",!"#

 ,    (4.1) 

where �!",!"# is the average CL intensity from all the pixels at the segment locations and �!",!"# 

is the average intensity from the CL intensity maxima within each segmented area. Calculating 

the CL GB contrast for the as-deposited and CdCl2-treated films, we arrive at values of 0.67 and 

0.45, respectively. For both films, �!",!"# is the average intensity from within ~230 segmented 

areas and �!",!"# is the average intensity at ~400 segments. Recall that the steady-state injected 

carrier density we estimated for the CLSI experiments (Section 4.3) ~10
17

 cm
-3

 is well into the 

high-injection regime for CdTe thin films. This means that the excess carriers injected by the e-

beam screen the electric fields associated with GB potentials; therefore, CL GB contrast is not 
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due to a decrease in carrier recombination at GBs caused by electric field separation of electrons 

and holes. We assume that the radiative recombination efficiency �!"#$% for the shallow 

transitions we detect in CL is not significantly different adjacent to GBs and at GI locations. 

Thus, we interpret CL GB contrast as resulting from a reduction in the excess carrier density at 

the GBs due to enhanced non-radiative recombination at deep (<1.35 eV) GB states. The lower 

value of CL GB contrast determined for the CdCl2-treated film compared to the as-deposited film 

is direct evidence that some of the deep GB states are passivated as a result of the CdCl2 

treatment. We have also calculated the standard deviation �!!" in the GI CL intensity for the 

films: �!!" is reduced from 0.46×�!",!"# for the as-deposited film to 0.28×�!",!"# for the CdCl2-

treated film, signifying that the optoelectronic properties within the GIs are more uniform after 

CdCl2 treatment. 

We evaluate the accuracy of the image-analysis technique in identifying the GBs by 

comparing the segments in Figs. 4.5(b) and 4.5(e) with the EBSD-determined GBs in Figs. 4.5(c) 

and 4.5(f), respectively. Note that = 3 (twin) GBs—where Σ is the Friedel index [58]—were 

not included in the EBSD maps because most = 3 GBs do not show CL contrast. Also, the 

average (twin-corrected) grain size for the as-deposited and CdCl2-treated films is the same, 2.0 

µm. Comparison of the EBSD GBs with the image-analysis segments shows that a high 

percentage (we estimate >95%) of the segments are in agreement with the EBSD GBs. We have 

highlighted with orange squares a few examples of the segments that do not equate to GBs in the 

EBSD maps. For nearly all of the segments like this, however, there is actually a correspondence 

to = 3 GBs. Many of the smaller grains in the EBSD maps are apparently missed by the 

image-analysis algorithm, and it is possible that this has affected our CL GB contrast values. 
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However, given that the grain size for the films is the same, we expect the as-deposited and 

CdCl2-treated contrast values to be similarly affected. 

 
Figure 4.5 Demonstration of the image-analysis technique used to determine statistical CL 

GB contrast values for the films (given by Eq. 1), as well as the GI and GB spectra and 
!!"!!!"

!!"

 

(purple) curve plotted in Fig. 4.6. The top row [(a), (b), and (c)] and bottom row [(d), (e), and (f)] 

pertain to the as-deposited film and CdCl2-treated film, respectively. (a) and (d) are grayscale 

total intensity CL images for the films; (b) and (e) are the same as (a) and (d), but with a 

watershed segmentation algorithm applied to the pixels in the images; and (c) and (f) are EBSD 

GB maps for the same areas as the CL images. 

 

The image-analysis technique has also permitted a statistically meaningful analysis of full 

CL spectra at GB and GI locations for the films, as shown in Fig. 4.6. In the figure, the GI 

spectrum for each film is the average CL spectrum from within ~230 segmented areas and the 

GB spectrum is the average spectrum from ~400 segments (~8500 total spectra). The purple 

curves in Fig. 4.6 represent the CL GB contrast computed at each photon energy using Eqn. 4.1, 

which is aptly named the energy-resolved CL GB contrast. For both films, all curve values are 
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greater than zero, indicating that the CL intensity is decreased at the GBs relative to the GIs over 

the entire spectral range. This supports the conclusion that the CL GB contrast is a product of the 

reduced excess carrier density near the GBs resulting from enhanced non-radiative 

recombination at deep GB states. The general trend observed for the energy-resolved CL GB 

contrast curves is that contrast is highest for the excitonic transitions (~1.575–1.61 eV) and is 

lower for the lower-energy transitions. (Segments of the curves at photon energies greater than 

~1.61 eV and less than ~1.425 eV do not contribute significantly to the total CL GB contrast.) 

 
Figure 4.6 Average GB and GI spectra for the as-deposited and CdCl2-treated films (left 

axis) and energy-resolved CL GB contrast 
!!"!!!"

!!"

 curves for the films (right axis). The GI 

spectrum for each film is the average of ~230 spectra from GI locations and the GB spectrum is 

the average of ~8500 spectra from GB locations. Contrast is highest for the excitonic transitions 

(~1.575–1.61 eV) and lower for the lower energy transitions. The color bars are included for 

easy reference to the Figs. 4.4(b) and 4.4(e) photon energy maps and Table 4.1. 



 56 

Because the spatial resolution observed in the CL images in Figs. 4.4 and 4.5 is very 

high, the majority of the CL signal detected at each pixel must have originated from the 

luminescent defects within or very near the e-beam generation volume. Furthermore, at each 

pixel, the luminescence emission registered for a given transition �!"#$% should be proportional to 

the concentration of defects involved in the transition �!"#$%—in the immediate vicinity of the e-

beam. In terms of the energy-resolved CL GB contrast, this means that contrast should decrease 

as the ratio �!"#$% �� /�!"#$% ��  increases and vice versa. Comparing the contrast curves for 

the as-deposited and CdCl2-treated films, different trends are observed for the eA
0
 and DAP 

transitions in the GREEN energy region. Following the contrast curves from the excitonic energy 

region down in energy, a dip in contrast is observed at the energy of the eA
0
 transitions ~1.56 eV 

for the as-deposited film. For the CdCl2-treated film, a comparable drop in contrast begins at the 

lower DAP transition energies. This suggests that the ratio �
!
! �� /�

!
! ��  is greater for the 

CdCl2-treated film than for the as-deposited film, where �
!
! is the concentration of the (neutral) 

donor in the films. This result is consistent with scanning capacitance microscopy data on CdTe 

solar cells [20], which showed much stronger majority-carrier (hole) depletion at GBs in CdCl2-

treated cells than in untreated cells. Recall that the GREEN region eA
0
 and DAP acceptor species 

in the CdCl2-treated film is believed to be the β-acceptor complex, or (VCd
2-

–2ClTe
+
)

0
, and ClTe

+
 

is thought to be the DAP donor (Table 4.1). The energy-resolved GB contrast curve for the 

CdCl2-treated film shows significantly higher contrast for β-acceptor eA
0
 transitions (0.55–0.60) 

compared to the contrast for the DAP transitions (0.40–0.45); thus, 
!
!"
!"

! !"

!
!"
!"
! !"

>

!

!
!"
!!

!!!"
!"
!

! !"

!

!
!"
!!

!!!"
!"

!
! !"

 

is likely. It is unclear from the current data whether this agrees with recent TEM [13] and time-
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of-flight (TOF)-SIMS [14] results on CdCl2-treated thin films showing that the majority of Cl is 

concentrated at the GBs. 

4.5 Conclusions 
 

We used low-temperature CLSI with nanoscale spatial resolution to qualitatively and 

quantitatively compare carrier recombination and defects at GBs and GIs in as-deposited and 

CdCl2-treated CdTe thin films. Photon energy maps of the films show that the optoelectronic 

properties of the GBs and GIs become more aligned after the CdCl2 treatment, which may be due 

to formation of (VCd
2-

–2ClTe
+
)

0
 at both GB and GI locations. Application of an image-analysis 

algorithm to the grayscale CL intensity images allowed us to compute statistically meaningful 

CL GB contrast values for the films. Based on these contrast values, and on the TRPL lifetimes 

we determined for the films, we conclude that: (1) GBs are major recombination pathways for 

carriers in as-deposited films, (2) grain-to-grain variation in the optoelectronic properties of films 

is reduced by the CdCl2 treatment, and (3) the CdCl2 treatment passivates deep GB core states, 

but only to a limited extent. Our results shed light on the fundamental mechanisms of 

performance improvement that occur in CdTe thin films during the CdCl2 treatment. 

4.6 SIMS Data (Appendix to the Paper) 
 

Figure 4.7 shows the SIMS depth profile data for the CdCl2-treated film (top) and as-

deposited film (bottom). These data were collected with a Cameca 7F instrument using a Cs
+
 

primary ion-beam. Calibrated concentrations in atoms/cm
3
 are shown on the right axis in the 

plots. Only the concentrations of Cl, O, and S at the back of the films (close to 0.00 µm Depth) 

are relevant to the CL measurements. 
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Figure 4.7 SIMS depth profile data for the CdCl2-treated film (top) and as-deposited film 

(bottom). 
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5.1 Abstract 
 

We conducted cathodoluminescence (CL) spectrum imaging and electron backscatter 

diffraction (EBSD) on the same microscopic areas of CdTe thin films to correlate grain-

boundary (GB) recombination by GB “type.” We examined misorientation-based GB types 

including coincident site lattice (CSL) Σ=3, other-CSL (Σ=5−49), and general GBs (Σ>49), 

which make up ~47%–48%, ~6%–8%, and ~44%–47%, respectively, of the GB length at the 

film back surfaces. Statistically averaged CL total intensities were calculated for each GB type 

from sample sizes of ≥97 GBs per type and were compared to the average grain-interior CL 

intensity. We find that only ~16%–18% of Σ=3 GBs are active non-radiative recombination 

centers. In contrast, all other-CSL and general GBs are observed to be strong non-radiative 

centers and, interestingly, these GB types have about the same CL intensity. Both as-deposited 

and CdCl2-treated films were studied. The CdCl2 treatment reduces non-radiative recombination 

at both other-CSL and general GBs, but GBs are still recombination centers after the CdCl2 

treatment. 
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5.2 Introduction 
 

CdTe thin-film technology has already made important contributions to the worldwide 

supply of carbon-free, sustainable energy with field deployment of over 10 GW of utility-scale 

photovoltaic capacity [1]. Continued success for CdTe technology will require gains in device 

efficiency and cost-effective translation to modules [2]. Historically, CdTe solar technology has 

benefited from its relatively low module manufacturing cost and rapid processing methods 

(deposition rates >2 µm/min [3]). 

Rapid film deposition inevitably forms non-equilibrium [4] extended defect structures 

including grain boundaries (GBs), dislocations, and stacking faults [5,6]. Broken, distorted, and 

wrong bonds at extended defects can create deep and shallow trapping levels, enhance charge-

carrier recombination, impede carrier transport, and limit solar cell performance [4]. However, 

some studies indicate that GBs in CdTe are passivated after the CdCl2 treatment [7–10]. In fact, 

based on scanning probe microscopy or transmission electron microscopy (TEM) and electron-

beam-induced current (EBIC) analysis, some authors have stated that GBs form a three-

dimensional (3D) p-n network that facilitates charge collection and enhances efficiency [10–13]. 

GB defects can and should shift the Fermi level relative to the grain interior [14]. These defects 

can form small GB potentials that attract minority carriers and increase recombination [14,15]. 

Although these GBs can collect photocurrent, forward current will funnel preferentially along 

these GBs and limit open-circuit voltage, usually to the detriment of overall efficiency [14–16]. 

To increase performance in CdTe solar cells, it is necessary to characterize large numbers of GBs 

to quantify how different GBs collectively influence recombination in polycrystalline films. In 

general, GB research usually involves advanced microscopy that is laborious and in practice 

focuses on a limited number of grain boundaries [12,13,17,18]. As a result, efforts to improve 
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device performance and GB characterization have generally been uncoupled. 

Cathodoluminescence (CL) offers a method to inject enough carriers with high spatial resolution 

to screen GB potentials and probe recombination. Here, we examine recombination in nearly 

1000 different GBs to statistically evaluate recombination by GB type before and after the CdCl2 

treatment. 

In this study, we investigated relationships between the structure and opto-electronic 

properties of CdTe GBs by directly comparing nanoscale CL spectrum imaging [19] and electron 

backscatter diffraction (EBSD) orientation imaging microscopy (OIM) [20] on as-deposited and 

CdCl2-treated film back surfaces. We examined misorientation-based GB “types,” i.e., 

coincident site lattice (CSL) Σ=3, other-CSLs (Σ=5−49), and general GBs (Σ>49), where the 

CSL Σ-value, or Friedel index, is the reciprocal density of coincidence sites in the lattices of 

adjoining grains [21]. We find that the microstructural characteristics derived from EBSD data 

are about the same for the as-deposited and CdCl2-treated films. The GB length fractions are 

~47%–48% Σ=3, ~6%–8% other-CSL, and ~44%–47% general GBs. Also, up to ~80%–82% by 

length of the Σ=3 GBs are coherent 111  twins, and the occurrence of coherent twins is 

~1200−1400 times more frequent than it would be if the GB misorientations and plane 

orientations were distributed randomly. We calculated statistical average total CL intensities for 

the GB types from samples of ≥97 GBs per type and compared these averages to the average 

grain-interior (GI) CL intensity. 

5.3 Experimental 
 

CL spectrum imaging and EBSD OIM were collected on the same microscopic areas for 

as-deposited and CdCl2-treated CdTe thin-film back surfaces. The films were deposited in the 

conventional superstrate configuration without back contacts (i.e., 
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glass/SnO2:F/SnO2/CdS/CdTe). Pilkington TEC15 glass substrates were coated with high-

resistance SnO2. Thin CdS layers were deposited by chemical-bath deposition at 68°C. CdTe 

layers ~4–5 µm thick were deposited by close-spaced sublimation in a chamber with 50 torr, 

0.5% oxygen mixed helium ambient for 1 min, while the substrate temperature was maintained at 

607°C. For the CdCl2 treatment, a saturated CdCl2 methanol solution was applied directly to the 

CdTe surface, followed by annealing for 30 min at 390°C in dry air ambient. Back surfaces of 

the films were briefly ion-milled with 2.5-kV Ar
+
 ions in a JEOL Cross-Section Polisher to 

flatten them and circumvent topographic effects in the CL and EBSD measurements (discussed 

further below). We milled small marks into the film surfaces using a focused ion beam to locate 

the same areas in the CL and EBSD experiments. EBSD OIM was conducted in an FEI Nova 

630 NanoSEM field-emission scanning electron microscope (FE-SEM), equipped with an EDAX 

Pegasus/Hikari A40 EBSD system, operating at a 20-kV electron-beam (e-beam) accelerating 

voltage. The step size used in (hexagonal grid) OIM mapping was 80 nm, or roughly 1/30
th

 the 

average grain diameter in the films. A grain dilation step was implemented on the raw data post-

collection (i.e., data “cleanup”) in the TSL version 6 software using a minimum grain size of 3 

pixels and 5° angular tolerance, which modified only 2%−3% of the data points. CL was 

performed at 25 K in a JEOL 7600F FE-SEM with 7.5-kV voltage and ~1-nA current e-beam 

settings. 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 e-beam positioning. With the SEM magnification used, the dimensions of 

each pixel in the CL images shown below are about 90 × 90 nm. CL spectra were dispersed by a 

spectrometer and diffraction grating blazed to 500 nm with 150 groves/mm, and the spectrum 

acquisition time was 10 ms. In the present study, we summed the CL spectral intensities for 
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photon energies between 1.21 and 1.84 eV to calculate the total CL intensity at each image pixel; 

spectrally resolved trends at GBs and GIs for these films were reported previously [22]. 

A few experimental factors complicate the comparison of the CL and EBSD data. An 

obvious place to start CL-EBSD correlations is to overlay the CL images and EBSD maps. 

However, this proved difficult to accomplish in practice because the images/maps invariably 

have slight e-beam or stage-drift-related distortions—so we resorted to the more manual (and 

time-intensive) methods shown below. Figure 5.1(a) depicts a cross-section schematic of the CL 

excess carrier generation volume at a film back surface, a GB intersecting the surface at an angle 

� to the surface plane normal, and grains on either side of the GB with orientations �� and ��. 

The CL generation volume for 7.5-keV electrons was estimated from electron energy-loss 

simulations in the Monte Carlo CASINO software [23] and the 0.25-, 0.50-, 0.75-, and 0.99-

carrier-fraction contours are drawn in black lines. Whereas the 0.75 majority of carriers in CL is 

generated within a ~200-nm depth of the surface, the backscattered electrons that contribute 

significantly to the EBSD pattern signal emanate from a much shallower ~10–40-nm region 

beneath the surface [24,25]. Diffusion and drift (if electric fields are active) of carriers after e-

beam generation can also expand the CL collection volume, increasing the disparity between the 

CL and EBSD information depths. Thus, the near-surface grain structure determined in EBSD 

may not compare exactly with the CL data if, for example, a GB is inclined to the film surface as 

shown in Fig. 5.1(a); the CL intensity registered at GB and GI locations for this scenario would 

be highly convoluted. The perceived location of GBs in the CL images could also be affected by 

the proximity of other extended defects or point defects. 

We note that it is not currently an option in the EBSD TSL software to capture 

crystallographic polarity in EBSD maps; this would involve automated EBSD pattern 
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recognition of faint differences in the Kikuchi band intensities for polar planes in CdTe’s zinc 

blende crystal structure (e.g., (511) and (511)) [26]. As a result, pattern indexing and 

orientation determination for CdTe in EBSD simply pertains to the underlying face-centered 

cubic (FCC) lattice, as we demonstrate with Fig. 5.1(b). Shown on the left in Fig. 5.1(b) is the 

“inverted twin” GB that contains either all wrong Cd-Cd or Te-Te bonds at the GB interface, and 

on the right in Fig. 5.1(b) is the “upright twin” GB, in which the perfect Cd-Te bonding sequence 

is preserved across the interface plane [4]. 

 

Figure 5.1 (a) Schematic showing e-beam interaction with a film and a GB with interfacing 

grains of orientations �� and ��. The GB intersects the film surface with an angle � to the 

surface normal. The CL generation volume is teardrop shaped and the 0.25-, 0.50-, 0.75-, and 

0.99-generation contours are drawn in black lines extending down from the e-beam excitation 

point on the surface. (b) Shows the inverted and upright Σ=3 twin GBs, which have all wrong 

(Cd-Cd or Te-Te) and perfect (Cd-Te) bonds at the GB interface, respectively. 

 

Apparently, the polarity of the green grains in the two twin structures is reversed. 

However, the FCC orientation relationship between the red and green grains is the same for both 

GBs, and hence, both GBs are identified as Σ=3s in EBSD (defined by a 60° rotation about a 

111  twist axis). The upright twin (with a 111  interface plane as shown) is predicted by 
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density functional theory (DFT) to have very low formation energy and no attendant sub-

bandgap levels [27–30], whereas the inverted twin undoubtedly has very large formation energy 

and a multitude of gap states. This is consistent with the fact that only the upright twin has been 

observed in experiments [5,31]. Still, the upright/inverted twin example calls attention to the 

reality that we cannot currently differentiate polar CSL GB structures with EBSD. Because the 

kinetics of rapid CdTe film deposition occasionally lock in higher-energy GB structures than 

those anticipated from thermodynamics, variants of polar CSL GBs [12,27] having various 

formation energies and deep-level contents are grouped together by the EBSD software in the 

same categories. 

5.4 Results and Discussion 
 

The results are discussed in two parts: (1) EBSD data analysis and (2) quantitative CL-

EBSD correlations. 

5.4.1 EBSD data analysis 

 

The basic microstructure statistics derived from the EBSD measurements on the back 

surfaces of the as-deposited and CdCl2-treated films are summarized in Table 5.1. Here, the 

average grain size is specified by the diameter of the circle with an area equal to the average 

grain area in the EBSD maps. Two average grain sizes are listed for the films: one including and 

one excluding the Σ=3 GBs (the latter is sometimes termed the “twin-corrected” grain size [32]). 

The as-deposited grain sizes are ~1.6 µm with Σ=3 GBs and ~2.3 µm [33] without Σ=3 GBs. 

These grain sizes were unchanged by the CdCl2 treatment, in agreement with previous results on 

CdTe films deposited at high temperature [34]. The GB-type distribution for the as-deposited and 

CdCl2-treated films is also about the same, with length fractions ~47%–48% Σ=3, ~6%–8% 

other-CSL (Σ=5−49), and ~44%–47% general (Σ>49) GBs. Because Σ=3 GBs make up almost 
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50% of the GB length at the film back surfaces, the potential impact of Σ=3 GBs on solar cell 

performance is considerable. 

Table 5.1. Summary of grain-structure statistics derived from EBSD measurements on the 

back surfaces of the as-deposited and CdCl2-treated films. 

  as-deposited CdCl2-treated 

Average grain size including Σ=3 1.60 µm 1.58 µm 

excluding Σ=3 2.31 µm
a
 2.31 µm

a
 

GB-type distribution Σ=3 47.5% 47.0% 

other-CSL (Σ=5–49) 8.2% 6.1% 

general (Σ>49) 44.3% 46.9% 

Σ=3 GBs plane-trace coherent 

111  twin fraction 

≤68% (number) 

≤82% (length) 

≤66% (number) 

≤80% (length) 

5-parameter grain-

boundary character 

distribution (GBCD) 

coherent 111  twin 

frequency 

1291 multiples of a 

random distribution 

(MRD) 

1242 MRD 

a 
Based on samples of 959 grains for the as-deposited film and 737 grains for the CdCl2-treated 

film. 

 

In CdTe, the orientation relationship between an upright Σ=3 twin and the matrix is a 

180° rotation about a 111  twist axis (or a 250°32’ rotation about a 110  tilt axis); however, 

the Σ=3 interface plane may, in principle, take on any orientation [31]. A common qualitative 

conclusion from structural characterization of CdTe thin films is that most Σ=3 GBs in these 

films are the long, straight “coherent” 111  twin type, where 111  conveys that the GB 

interface plane lies on 111  in both grains. As stated in the Experimental section, DFT has 

shown that these GBs have very low formation energy and do not have accompanying sub-

bandgap levels [27–30]. On the other hand, short segments of the so-called double-positioning 

twin GB, or Σ=3 “incoherent” 112  twin GB, have been observed joining Σ=3 111  GBs when 
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they terminate within the GIs by TEM of CdTe thin films [35]. DFT holds that Σ=3 112  GBs 

have higher formation energies than Σ=3 111  GBs and have dangling, distorted, or wrong 

bonds that induce electrically active levels in the bandgap [27,35–38]. The existence of some 

other Σ=3 GBs in CdTe with asymmetric GB planes (e.g., 111 / 115 ) has been verified in 

experiments [31]. As with the incoherent Σ=3 112  GBs, disrupted bonding at asymmetric Σ=3 

GBs is expected to induce electrically active gap states. To get a more quantitative sense of the 

aggregate effects of Σ=3 GBs on performance, it is important to estimate the fraction of Σ=3 GBs 

that are coherent twins. 

Wright and Larsen developed a technique [32] that allows one to ascertain, from the 

subset of GBs in an EBSD dataset satisfying the Σ=3 misorientation relationship, which GBs 

cannot be coherent twins and which GBs are likely to be coherent twins. For a given Σ=3 GB, the 

idea is to calculate the angle between the surface trace of the Σ=3 GB plane and the trace of (any 

of) the 111  planes in the crystal reference frame of each interfacing grain, denoted by ω
T
 (see 

Fig. 1 of Ref. 32). If this angle is small enough in both grains, the Σ=3 GB is likely to be a 

coherent 111  twin or a “vicinal” 111  GB (e.g., 554 / 16 13 13 ); but if the angle is large 

in either or both of the grains, the GB cannot be a coherent twin. At the atomic scale, Σ=3 GBs 

that are vicinal to 111  might be composed of long coherent 111  segments interspersed with 

short incoherent 112  or asymmetric GB segments. Note that with this technique we cannot be 

absolutely sure that a particular Σ=3 GB is a coherent twin because we do not know the 

inclination angle � that the GBs make with the surface plane normal (Fig. 5.1(a)). 

We extend Wright and Larsen’s plane-trace technique to estimate the fraction of Σ=3 

GBs that are coherent 111  twins in the as-deposited and CdCl2-treated films as follows. First, 
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we create maps with “reconstructed” GB segments from the EBSD scan data, as shown in Fig. 

5.2(a). (Note that all Fig. 5.2 results are for the as-deposited film; results for the CdCl2-treated 

film are essentially identical and are omitted for brevity.) The GB reconstruction procedure is 

detailed in Ref. 32 and we do not repeat it here. However, we should mention that the necessity 

for using reconstructed GB segments (instead of conventional GB segments) relates to the ability 

to determine precisely the angle between a GB plane trace and the traces to 111  planes (i.e., 

ω
T
). Whereas conventional GB segments adhere rigidly to the facets in the hexagonal EBSD 

scan grid and are thus constrained to forming angles of 0°, 120°, and 240° in the surface plane, 

reconstructed GB segments track more loosely with the hexagonal grid and practically form a 

continuum of angles. We then identify the reconstructed GBs that meet the FCC Σ=3 

misorientation relationship, subject to the CSL “Brandon criterion” [39]; i.e., we select Σ=3 GBs 

that deviate from the 60°/ 111  misorientation by no more than 15°/Σ
1/2

=8.66°. (A closer look at 

the distribution of Σ=3 GB misorientations reveals that the vast majority, >95%, of these GBs in 

the films are misoriented within ~2° of the true Σ=3 relationship.) From the Σ=3 GB subset, we 

compute ω
T
 and step up the tolerance on ω

T
 to encompass an increasingly greater fraction of 

GBs, as shown in Fig. 5.2(b). The plot shows a very steep initial rise in the number and length 

fractions of Σ=3 GBs with ω
T
 up to about 15° and then a more gradual increase in these fractions 

until saturation at around 70°. (70°32’ is the angle between adjacent similar 111  planes and is 

the upper bound to ω
T
.) Based on this trend, we use a 15° tolerance on ω

T
 to delineate Σ=3 GBs, 

which are likely coherent 111  twins from incoherent Σ=3 GBs, as illustrated with the red and 

blue GB segments in the Fig. 5.2(a) EBSD map. We find that a maximum of ~80%–82% length 

fraction and ~66%–68% number fraction of Σ=3 GBs are coherent twins for the as-deposited and 

CdCl2-treated films (Table 5.1). The gulf between the length and number fractions hints at an 
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interesting comparison of the average GB (segment) lengths for the films: ~0.85–0.89 µm for 

likely coherent Σ=3 GBs (ω
T
≤15°), ~0.41–0.42 µm for incoherent Σ=3 GBs (15°<ω

T
≤70°32’), 

and ~0.36–0.38 µm for non-Σ=3 GBs (black segments in Fig. 5.2(a)). These numbers were 

calculated from a sample of 10,617 (four-map total) and 8,589 (three-map total) GB segments for 

the as-deposited and CdCl2-treated films, respectively. The average lengths for the likely 

coherent and the incoherent Σ=3 GBs are consistent with DFT-predicted formation energies for 

Σ=3 111  and 112  GBs [27]. That the incoherent Σ=3 GBs are on average longer than the 

non-Σ=3 GBs may also suggest that incoherent Σ=3 GBs have lower formation energies than 

non-Σ=3 GBs. 

 
Figure 5.2 For the as-deposited film: (a) EBSD image-quality map with reconstructed GB 

segments. The blue and red segments are Σ=3 GBs with ω
T
≤15° and ω

T
>15°, respectively, and 

the black GB segments are non-Σ=3 GBs. In (b), the length and number fractions of Σ=3 GBs are 

plotted vs. ω
T
. (c) is a stereographic projection (pole figure) of the five-parameter GBCD for the 

Σ=3 misorientation. The peak in the distribution occurs at the position of the coherent 111  

twin, with a frequency of 1291 MRD. 

We quantify the prevalence of coherent 111  twin Σ=3 GBs using the stereological five-

parameter grain-boundary character distribution (GBCD) [20]. Five independent “macroscopic” 

parameters are needed to completely describe the 3D character of a GB. Three parameters 
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describe the crystallographic misorientation between the grains at the GB and two parameters 

describe the orientation of the GB plane [20]. Four of the five parameters can be obtained 

directly from Wright and Larsen’s plane-trace technique, with the unknown parameter being the 

GB inclination angle � (Fig. 5.1(a)). To access all five parameters and GBCDs, EBSD must be 

coupled with serial sectioning (also known as 3D EBSD) or a stereological technique [40] may 

be used. With the latter, it is possible to deduce the five-parameter GBCD for a population of 

GBs from statistical observations of GB plane-traces for identically misoriented bicrystals on a 

sample surface [40]. Additional details about the stereological technique can be found in Ref. 40; 

however, in Section 5.7, we verify that our EBSD data are suitable for analysis by this technique. 

We note that most of the studies to date using five-parameter stereological GB analysis have 

concerned ceramic or metallic systems [20,40–42], but recently, it was used in a study on 

multicrystalline (mc) Si [43]. Five-parameter GBCDs are typically visualized by plotting the 

poles of the GB planes on a stereographic projection (pole figure) for misorientations of interest, 

as shown in Fig. 5.2(c) for the Σ=3 GB misorientation. These plots indicate the relative areas of 

the GB planes, expressed in units of multiples of a random distribution (MRD). Not surprisingly, 

the peak in Fig. 5.2(c) pole figure coincides with the 111  direction, i.e., the peak occurs at the 

position of the coherent 111  twin. The peak value of 1291 MRD implies that the occurrence of 

coherent 111  twins in the as-deposited film is 1291 times more frequent than it would be if the 

GB misorientations and plane orientations were distributed randomly. The peak value for the 

CdCl2-treated film is similar, 1242 MRD. As a point of reference, the MRD values for these 

films fall in the range reported for coherent 111  twins in other FCC-lattice materials: 885 (Si) 

[43], 1515 (Cu) [41], 1224–1810 (austenitic stainless steel) [41], and 2200 (GB engineered α-

brass) [42]. 
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5.4.2 Quantitative CL–EBSD correlations 

 

Figure 5.3 shows CL and EBSD data for the as-deposited film along the top row [(a), (b), 

and (c)] and the CdCl2-treated film along the bottom row [(d), (e), and (f)]. Figures 5.3(a) and 

5.3(d) are CL total intensity images, Figs. 5.3(b) and 5.3(e) are EBSD GB maps showing just the 

non-Σ=3 GBs, and Figs. 5.3(c) and 5.3(f) are EBSD GB maps showing the GB types that we 

focused on. For the regions immediately adjacent to the GB core and the GI, the CL intensity is 

proportional to the radiative recombination efficiency, �, i.e., 

�!" ∝ � =
!!"

!!"!!!!

,     (5.1) 

where �!! and �!" are the radiative and non-radiative lifetimes, respectively. The non-radiative 

lifetime in the films is much shorter than the radiative lifetime (�!" ≪ �!!) [44]; therefore, Eqn. 

5.1 above is nearly equivalent to �!" ∝ �!" �!!. 

It can be seen that the CL contrast correlates best with the non-Σ=3 GB maps. Evidently, 

the GIs are places of relatively high CL intensity whereas the non-Σ=3 GBs are places of 

relatively low CL intensity. The CL images do not compare as well with the EBSD GB-type 

maps because most of the Σ=3 GBs (blue lines) are not strong non-radiative centers like the non-

Σ=3 GBs. The qualitative conclusion that most of the Σ=3 GBs are electrically inactive in CdTe 

thin films agrees with earlier CL-EBSD studies [22,45] and an EBIC-EBSD study [46]. The 

grayscale background in the EBSD GB maps is normalized to the EBSD “pattern quality,” which 

is well aligned with the residual topography left on the film surfaces after Ar
+
 ion milling. A 

visual comparison of the topographic pattern-quality features to the same locations in the CL 

images supports our earlier claim that we can rule out the effects of topography on the CL 

measurements. For each GB in the EBSD GB-type maps, we find and record the CL intensity at 



 76 

the corresponding GB in the CL images. As a simplification, we record the CL intensity at the 

center of the GB segments, at CL intensity profile minima. To ensure that each pair of GBs in the 

CL images/EBSD maps is examined (and not double-counted), we use a simple marker-based 

accounting system, which is demonstrated later. The average CL intensities for the GB types are 

displayed relative to the average GI intensity for the as-deposited and CdCl2-treated films in the 

Fig. 5.4 bar chart. The GI intensity is the average of the GI CL intensity maxima. The numbers in 

white at the bottom of the bars indicate the number of GIs or GBs sampled (sample sizes) from 

two matching CL image/EBSD map areas. Statistical estimates for the uncertainty � in the 

average intensities are bracketed in orange at the top of the bars, where � is roughly equal to 

plus/minus the sample standard deviation � over the square root of the sample size �, i.e., 

� ≈ ± � �. We emphasize that variation in the GI and GB CL intensities for these films is 

substantial—standard deviations are as high as 53% of the average—thus, acquiring large 

samples was required to bring down the uncertainty in the average values. 

Coming up with an average CL intensity for the Σ=3 GBs is non-trivial for several 

reasons. First, most of the Σ=3 GBs are not active non-radiative recombination centers (relative 

to the GIs), so pinpointing the locations of most Σ=3 GBs in the CL images is dubious. Second, 

the density of Σ=3 GBs is often very high, such that we cannot expect to resolve the 

recombination at each and every Σ=3 GB when they are tightly bundled together (e.g., yellow 

arrow in Fig. 5.3(c)). Third, a number of Σ=3 GBs run parallel to general GBs at very short 

distances (e.g., dashed yellow arrow in Fig. 5.3(c)), and in these situations we have to decide 

whether to attribute recombination activity to the general GB, to the Σ=3 GB, or to both GBs. 

Nonetheless, we can approximate the true average CL intensity at the Σ=3 GBs by computing a  
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Figure 5.3 The top row [(a), (b), and (c)] and bottom row [(d), (e), and (f)] correspond to CL 

images and EBSD maps for the as-deposited and CdCl2-treated films, respectively. (a) and (d) 

are total intensity CL images; (b) and (e) are EBSD GB maps showing non-Σ=3 GBs in black; 

and (c) and (f) are EBSD GB-type maps showing Σ=3, other-CSL, and general GBs. We 

cataloged the CL intensity at the GBs by type. 

 

weighted average as follows. We start by summing the CL intensity at the recombination-active 

Σ=3 GBs, denoted by �!" ���� . Then, we count the total number of Σ=3 GBs in the EBSD 

maps (�!"#$ �� ), treating Σ=3 GB bundles as a single GB and disregarding those Σ=3s that 

run near and parallel to general GBs (i.e., we assume that recombination activity in these 

situations is dictated by the properties of the general GBs). Further, we assume that the CL 

intensity at inactive Σ=3 GBs can be approximated by the average GI intensity (�!" �� ) such 

that as the number of active Σ=3 (�!" ���� ) approaches zero, the average CL intensity for 

Σ=3 GBs approaches the average GI intensity. The weighted-average CL intensity for Σ=3 GBs 

is thus given by, 
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!!" !"#$ ! !!"#$ !" !!!" !"#$ ×!!" !"

!!!"# !"
,    (5.2) 

where �!"#$ �� − �!" ����  equals the number of inactive Σ=3 GBs. 

We find that only 15.8% (60/379) and 18.0% (72/400) of Σ=3 GBs are active non-

radiative centers in the as-deposited and CdCl2-treated films, respectively. Consequently, the 

weighted-average CL intensities for the films are high (Fig. 5.4)—namely, 0.919×�!" ��  for the 

as-deposited film and 0.934×�!" ��  for the CdCl2-treated film. It is interesting to compare the 

recombination activity of Σ=3 GBs in CL with their apparent “coherence” in EBSD maps such as 

Fig. 5.2(a) above. Consistent with DFT results, we observe that many of the incoherent Σ=3 GBs 

in EBSD are active in CL and most of the GBs that are likely coherent 111  twins are inactive. 

Exceptions may arise when coherent Σ=3 GBs do not actually lie on 111  planes in the 

interfacing grains, ω
T
 values are miscalculated, or there is inadequate CL spatial resolution 

because some of the incoherent GB segments are quite short. 

 
Figure 5.4 Bar chart showing the average CL intensity calculated for each of the GB types 

including Σ=3, other-CSL, and general GBs relative to the average GI CL intensity for the as-

deposited and CdCl2-treated films. The numbers at the bottom of the bars indicate the number of 

GBs sampled of each type. The orange brackets at the top of the bars give the estimated 

uncertainty in the averages. 
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The average CL intensities for the other-CSL GBs are 0.313×�!! ��  and 0.580×�!" ��  

for the as-deposited and CdCl2-treated films, respectively. The average intensities for the general 

GBs are similar but detectibly higher, i.e., 0.358×�!" ��  for the as-deposited film and 

0.589×�!" ��  for the CdCl2-treated film. The significant increase in the average other-CSL and 

general GB intensities from the as-deposited to the CdCl2-treated film is evidence that (on 

average) both GB types undergo appreciable deep-level passivation during the CdCl2 treatment.  

Figure 5.5(a) shows an EBSD map for the as-deposited film with GBs grouped and 

colored by “disorientation” angle, and Fig. 5.5(b) is the CL image of the same area with colored 

circles used to mark the locations of GBs in each EBSD disorientation group. Note that the black 

GBs in the EBSD map are the low-Σ (=3, 5, 7, 9, and 11) CSL GBs, which were removed from 

this analysis, and the CL image contrast has been adjusted for viewing clarity. In the angle/axis 

(e.g., 60°/ 111 ) parameterization of GB misorientation, the axis is a common crystallographic  

 

Figure 5.5 For the as-deposited film: (a) EBSD map showing GBs that have been color-

coded according to GB disorientation angle as defined in the box in the top left corner of the 

figure and (b) CL image with contrast and brightness adjusted for viewing clarity; the colored 

circles in (b) correspond to the colored GBs in (a). 
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axis to the adjoining grains and the angle is the rotation angle about the common axis that brings 

the coordinate system of one grain into coincidence with that of the other grain. Due to cubic 

symmetry, each misorientation may be equivalently described with 24 different rotation angles 

[20]. The disorientation angle, for each misorientation, is the minimum rotation angle in the set 

of 24. 

In Fig. 5.6, we show the average CL intensities for each disorientation group normalized 

to the maximum (average) intensity for the all the disorientation groups. The colors outlining the 

bars match the colors in Fig. 5.5, and the numbers at the bottom of the bars again indicate the 

number of GBs sampled in each group. Classic Read-Shockley theory for small-angle (≤15°) tilt 

GBs models the GB interface as an array of dislocations. The spacing between the dislocations 

decreases to accommodate greater mismatch (tilts) between the grains, and the GB energy 

(energy/area) increases according to, 

�!" ∝ �!"#! �������� − ln�!"#! ,    (5.3) 

where �!"#! is the GB tilt angle [47]. Replacing �!"#! with sin�!"#! (!" !"#$!), Wolf later showed 

[48] that the Read-Shockley expression (Eqn. 5.3) could be fit to computed energies of (high-

symmetry) tilt and twist GBs in Cu and Au throughout the entire misorientation angle range. In 

Ref. 48, Wolf also demonstrated that the GB excess volume (volume/area) shares the same 

relationship with the misorientation angle as that between the GB energy and misorientation 

angle. This is a consequence of the strongly linear correlation between GB energy and GB excess 

volume [48,49]. Because the same dangling, distorted, or wrong bonds that confer higher GB 

energy generally form deep levels in semiconductors, the deep-level content of GBs in CdTe 

might be expected to scale with the GB energy. Hence, we might expect the CL intensity to be 
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lower for higher GB disorientation angles as the density of deep, non-radiative GB levels 

increases. However, as shown in Fig. 5.6, we find the opposite. For both films, we find a general 

increase in the CL intensity with GB disorientation angle, a peak at around 45°−55°, and then a 

slight drop-off for the highest angles. (Note that the Fig. 5.6 data are noisier than the data in Fig. 

5.4 due to smaller GB sample sizes.) 

 
Figure 5.6 Bar chart showing the average CL intensity of GBs as a function of the GB 

disorientation angle for the as-deposited and CdCl2-treated films. The colors around the bars are 

the same as those used in Fig. 5.5, and the numbers at the bottom of each bar indicate the total 

number of GBs sampled. 

 

To shed light on the Fig. 5.6 results, we consider the effect of GB-impurity interactions. 

Although the number of deep levels at GBs may scale with the disorientation angle, it is possible 

that deep levels were more effectively passivated in the higher-angle GBs. This is because—as 

theoretical and experimental studies have shown (mostly on high-symmetry tilt or twist GBs in 

metals)—both the rate of impurity diffusion along GBs and the extent of impurity segregation at 

GBs are increasing functions of tilt/twist misorientation angle (and excess volume) [47]. In fact, 

recently, using time-of-flight secondary ion mass spectrometry (TOF-SIMS) imaging and EBSD 

to measure Cl concentrations at GBs in CdCl2-treated CdTe thin films [50], Mao et al. found an 

increase in the GB Cl concentration with disorientation angle. We believe that the trend found by 
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Mao et al. for the Cl concentration at GBs is also likely for the passivating impurities O, S, and 

Cl and GBs in the as-deposited film [22]. So, we propose that the relative openness of GBs with 

higher disorientation angles can allow for passivating impurities to access a higher proportion of 

the dangling, distorted, or wrong bonds associated with deep, non-radiative GB levels.  

5.5 Summary and Conclusions 
 

We investigated relationships between the structure and opto-electronic properties of 

CdTe GBs by employing nanoscale CL spectrum imaging and EBSD OIM on as-deposited and 

CdCl2-treated film back surfaces. We examined misorientation-based GB types CSL Σ=3, other-

CSLs (Σ=5−49), and general GBs (Σ>49). We found that the microstructural characteristics 

derived from EBSD data are about the same for the as-deposited and CdCl2-treated films. GB 

length fractions are ~47%–48% Σ=3, ~6%–8% other-CSL, and ~44%–47% general GBs. Also, 

up to ~80%–82% by length of the Σ=3 GBs are coherent 111  twins and the occurrence of 

coherent twins is ~1,200−1,400 times more frequent than it would be if the GB misorientations 

and plane orientations were randomly distributed. Statistical average CL intensities for the GB 

types were calculated from samples of ≥97 GBs per type and compared to the average GI CL 

intensity. We found that only ~16%–18% of Σ=3 GBs are active non-radiative recombination 

centers relative to the GIs in the films. In contrast, all other-CSL and general GBs were observed 

to be strong non-radiative centers relative to the GIs and, on average, these GB types have about 

the same CL intensity—even though CSL GBs are expected to be more periodic GB structures. 

The CdCl2-treatment was shown to reduce non-radiative recombination at both other-CSL and 

general GBs. In addition, for both as-deposited and CdCl2-treated films, we observed an increase 

in the average CL intensity with GB disorientation angle. Our data demonstrate that non-Σ=3 

GBs in CdTe thin films are generally non-radiative recombination centers. 
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5.7 GBCD Details (Appendix to the Paper) 
 

 To reliably determine the grain-boundary character distribution (GBCD) with the 

stereological technique, it has been suggested that the EBSD data have 1) ≥50,000 GB segments 

and 2) no significant grain orientation texture (<2 MRD) [20]. Our data have less than the 

suggested number of GB segments: 10,617 (four-map total) and 8,589 (three-map total) GB 

segments for the as-deposited and CdCl2-treated films, respectively. However, we analyzed only 

the Σ=3 GBs, which make up a high fraction of the total GB segments. For the as-deposited film, 

when we calculate the MRD value for the coherent 111  twin from any three of the four EBSD 

maps we collected, we find that it ranges from 1,216 to 1,348 MRD, i.e., it is not too much 

different for ~2,650 fewer GB segments. Therefore, we are confident that we have analyzed 

enough GB segments for both films in order to report ~1,200−1,400 MRD values for coherent 

111  twins for the films. Also, as shown in the Fig. 5.7 inverse pole figures, the grain-

orientation texture for the films is less than the suggested maximum value of 2 MRD. 

 
Figure 5.7 Inverse pole-figure texture for the (a) as-deposited and (b) CdCl2-treated film. 
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  CHAPTER 6
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6.1 Abstract 
 

We present a two-dimensional numerical model simulating cathodoluminescence (CL) 

measurements on CdTe. The model is used to analyze the impact of material parameters on the 

measured CL intensity to establish when grain-boundary recombination velocity (SGB) can be 

determined accurately from CL contrast. In addition to grain boundary (GB) recombination, 

grain size and its ratio to the carrier diffusion length can impact CL measurements. Holding the 

grain interior and GB recombination rates constant, we find that as the grain size increases and 

exceeds the diffusion length, the observed CL contrast increases. For small grain size material, 

surface recombination lowers the overall intensity of the CL signal, but does not significantly 

impact CL contrast. For large grains, high surface recombination velocity can decrease the CL 

contrast. The model is combined with experimental results to quantify the SGB in polycrystalline 

CdTe before and after the CdCl2 treatment and to predict the impact of GB recombination on 

device performance. 
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6.2 Introduction 
 

CdTe solar cells are a commercial leader and have recently achieved high conversion 

efficiencies [1]. At this stage, further improvements require increasing the open-circuit voltage 

(Voc).  Fast non-radiative recombination is one of the reasons for poor Voc [2,3]. Therefore, 

production of higher-efficiency CdTe cells and modules requires a thorough understanding of the 

recombination mechanisms, including separating out the various types of recombination 

involved. Several measurement techniques can determine recombination rates in thin-film 

materials and devices; however, the impact of various recombination mechanisms on 

measurement results is often convoluted. Cathodoluminescence (CL) measurements provide an 

opportunity to examine recombination in the grain interior (GI) and at the grain boundaries 

(GBs) with nanoscale resolution. Several groups have used CL measurements on thin film px 

devices [4–11].  A CL measurement can qualitatively determine the GB recombination rate and 

provide relative comparison among GB recombination rates in different films. To take full 

advantage of this measurement, accurate interpretation and quantification of the measured results 

is necessary. This is not trivial, because many material properties such as surface, GB, and GI 

recombination impact measurement results. In a CL experiment, the carriers are generated near 

the surface. High surface recombination rate can alter the carrier distribution, lower the CL 

intensity, and possibly affect the measurement interpretation. In this manuscript, we present 

numerical modeling of CL measurements to guide interpretation and quantify GB recombination. 

The model is developed for CdTe, but the method is applicable to other polycrystalline materials. 

6.3 Model 
 

Coupled drift-diffusion equations are solved numerically in two dimensions using 

Sentaurus Device software [12]. The CdTe layer is 4 µm thick, and the default carrier density is 
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p = 2×10
14

 cm
-3

. Uniform generation of carriers within a teardrop shape as shown in Fig. 6.1a is 

assumed in the model. The size of the teardrop depends on the electron beam energy, and in this 

work it is ~100 nm. The teardrop moves along the x-axis, slides on the surface, and across the 

GBs to simulate CL scans. 

 
Figure 6.1 a) A schematic of a CL model presenting a side view of the CdTe material, with 

included two columnar grain boundaries. The carriers are generated inside a teardrop; b) 

Calculated electron density distribution when SGB = 100 cm/s; c) Calculated electron density 

distribution when SGB  = 10
6
 cm/s. 

 

 The GBs are simulated with 4-nm thick regions, with lower lifetime compared to GI. The 

generated carriers diffuse and recombine at the same time. The diffusion and recombination of 
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carriers alter the carrier density distribution and the CL signal. At each position of the excitation 

spot, the carrier density distribution and radiative recombination rate is calculated and integrated 

throughout the CdTe layer. It is assumed that the CL signal is proportional to the total radiative 

recombination. Figures 6.1b and 6.1c show the electron density distribution when the grain 

boundary recombination velocity (SGB) is low (10
2
 cm/s) and high (10

6
 cm/s), respectively. The 

latter clearly has a large impact on the electron distribution throughout the film.  

6.4 Results and Discussion 
 

The results are discussed in four parts: (1) grain interior, surface and GB recombination, 

(2) impact of grain size, (3) interpretation of experimental data, (4) and connection to device 

performance. 

6.4.1 Grain Interior, Surface, and GB Recombination 

 

 First, we calculate the CL intensity as the teardrop moves along the surface and across the 

GBs. In these simulations, the default GI lifetime, τGI, is 10 ns, minority carrier mobility is µe = 

320 cm
2
/Vs, which corresponds to a minority-carrier diffusion length Le = 2.8 µm, the grain size 

is 1 µm, and the surface recombination velocity is S = 100 cm/s. The contrast in a CL 

measurement is defined as the difference between the CL intensities when the generation spot is 

in the middle of the grain and at the grain boundary: 

)(

)()(

GI

GBGI

contrast

CLI

CLICLI
CL

−
= ,            (6.1) 

where CLI(GI) and CLI(GB) are the intensities of the CL signal when the excitation spot is located 

in the middle of the grain and at the GB, respectively. 
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The calculated CL intensity for different excitation positions and GB recombination 

velocities from 50 cm/s to 5×10
5
 cm/s is shown in Fig. 6.2a. The CL contrast as a function of SGB 

for the scans in Fig. 6.2a is shown in Fig. 6.2b. For SGB < 5×10
3
 cm/s, there is not an observable 

contrast; nonetheless, the intensity of the overall signal decreases as SGB increases. As SGB 

increases beyond 5×10
3
 cm/s, one can see contrast between the GB and GI in addition to an 

overall decrease in CL intensity. 

 
Figure 6.2 a) Calculated CL intensity as a function of excitation position for different SGB 

values. The SGB values in cm/s are shown in the legend.  b) CL contrast as a function of SGB. 

 

Additional numerical simulations are used to further quantify the role of surface 

recombination velocity (S) and GI lifetime (τGI) on CL contrast. The analysis of the combined S 

and SGB is shown in a contour plot in Fig. 6.3a. In this case, the grain size (1 µm) is less than the 

diffusion length (2.8 µm), and the excitation area is close to the surface. As a result, surface 

recombination lowers the overall intensity of the CL signal, but does not significantly impact the 

contrast observed in the CL measurements. This means that for small grain size samples, surface 
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recombination does not significantly affect the measurement, so it is not necessary to know S to 

determine SGB from CL contrast. 

The combined impact of τGI and SGB on CL contrast is shown in Fig. 6.3b. Similarly to 

the surface recombination, when the diffusion length is larger than the grain size, the impact of 

τGI on the CL contrast is insignificant, and the measured contrast is determined by SGB. In 

conclusion, when measuring CL on a material with small grains, the contrast observed in a CL 

measurement is a good measure of SGB. 

 
Figure 6.3 a) Contour plot of calculated impact of S and SGB on CL contrast. b) Contour plot 

of calculated impact of τGI and SGB on CL contrast. 

 

6.4.2 Impact of Grain Size 

 

Next, we expand the analysis for larger-grain materials. The simulated CL signals as a 

function of the location of the excitation spot for grain sizes of 1, 3, and 10 µm are shown in Fig. 
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6.4a. As the grain size increases and becomes comparable or larger than the diffusion length, 

fewer of the generated carriers reach the GBs; thus, the observed CL contrast between the GB 

and GI becomes larger compared to the small grain size case. 

 In the example shown in Fig. 6.4a, for τGI = 10 ns, L = 2.8 µm, and S = 10
5
 cm/s, the CL 

contrasts for grain sizes 1, 3 and 10 µm are 42%, 76%, and 94%, respectively. This indicates that 

a good estimate of grain size is crucial for accurate quantitative interpretation of CL data.  

Surface recombination has a larger impact on the CL contrast for large grains. Figure 

6.4b shows a contour plot of CL contrast as a function of S and SGB in a sample with 10-µm 

grains. For a given value of SGB, S somewhat decreases the value of the observed CL contrast. So 

in this case, it is less accurate to determine SGB by CL alone, and quantifying SGB can be aided by 

combining measurements such as time-resolved photoluminescence and CL. 

 Although bulk lifetime does not impact the measurement in a small grain size sample, 

this is not the case for larger grains. High lifetime in a large-grain sample has a double impact on 

the measured results. On one hand, high bulk lifetime values create a long diffusion length L, 

because: 

GI
DL τ×=  ,                                                (6.2) 

where D is the diffusion coefficient and τGI is carrier lifetime.  

As diffusion length increases, more carriers generated in the GI will diffuse to the GB, 

and this will lower the contrast observed. On the other hand, increased bulk lifetime lowers the 

recombination rate in the grain interior, and for a given value of SGB, the difference between the 
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bulk and GB recombination will be smaller. Figure 6.5 shows a contour plot of the combined 

impact of grain size and τGI on the CL contrast. The grain size is varied between 1 and 10 µm, 

and the bulk lifetime is varied between 0.5 and 50 ns. The contrast is largest for high lifetimes 

and large grain sizes. 

 
Figure 6.4 a) Impact of grain size on the observed contrast in the simulations (S = 10

5
 cm/s, 

SGB = 2.5×10
5
 cm/s, and τGI = 10 ns).  b) Impact of surface and GB recombination velocity on 

the CL contrast for 10-µm grain. 
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Figure 6.5 The impact of grain size and bulk lifetime on the CL contrast. The diffusion 

length is shown with a black dotted line and SGB = 2.5×10
5
 cm/s. 

 

6.4.3 Interpretation of Experimental Data 

 

 The above analysis is used to determine the SGB from the CL data on “as-deposited 

CdTe” samples and CdCl2-treated samples presented in Ref. [6]. The CL measurement on as-

deposited CdTe indicates a GB contrast of 70%; after the CdCl2 treatment, the contrast decreases 

to 42% (Fig. 6.6). Although the contrast reduction after the treatment suggests GB passivation, it 

does not provide quantitative information on its magnitude. To assign an SGB value to the 

samples before and after the treatment, we applied the simulations discussed above. The average 

grain size in these samples is estimated to be 2 µm (Moseley et al. [6] by electron backscatter 

diffraction), and the surface recombination velocity is estimated to be S = 1.4×10
5
 cm/s [13, 14]. 

As seen in simulations in Figure 6.5, for a 2 µm grain size, lifetime does not show impact on CL 

contrast, and thus it was not varied in these simulations. Applying these parameters to the model, 

we calculate SGB = 2.9×10
5
 cm/s for the as-deposited CdTe material, and SGB = 1.1×10

5
 cm/s 

after the CdCl2 treatment. Variation of S from 1×10
5
 to 5×10

5
 cm/s creates an uncertainty of SGB 

from 1.1–1.5×10
5
 cm/s for the CdCl2- treated sample, and from 2.8–4.3×10

5
 cm/s for the as-
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deposited sample. Although the CdCl2 treatment decreases GB recombination, SGB is still 

significant. 

 
Figure 6.6 Comparison of CL measurements and numerical simulations to determine the GB 

recombination velocity. The scale is 23x23 µm. 

 

6.4.4 Connection to Device Performance 

 

Quantifying the values of GB recombination rate is especially useful if it provides a 

direct correlation between the GB recombination and device performance. Therefore, we created 

a device model including two columnar grain boundaries as shown in the schematic in Fig. 6.1a. 

The GB recombination values calculated from the measured CL contrast are inserted into the 

device model. The current-voltage curves are calculated to estimate the impact of GB 

recombination on open-circuit voltage (Voc) and conversion efficiency. The results for 2-µm 

grain size and S = 10
5
 cm/s are shown in Fig. 6.7. The impact of SGB on the device Voc depends 

on the τGI and S. If τGI = 10 ns is assumed, the SGB = 1.1×10
5
 cm/s decreases Voc from 0.84 V to 

0.81 V, resulting in an efficiency decrease of 1.5% absolute, whereas SGB = 2.9 ×10
5
 cm/s 

decreases Voc to 0.79 V and efficiency by 2.5% absolute. It can be concluded that: i) the decrease 

in SGB alone from 2.9×10
5
 to 1.1×10

5
 cm/s increases the Voc by 20 mV, and ii) SGB = 1.1×10

5
 

cm/s still presents a significant Voc and efficiency loss. The analysis estimates the impact of the 

SGB from the CdCl2 treatment. In addition to GB passivation, the CdCl2 treatment affects the  
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Figure 6.7 Impact of grain-boundary recombination velocity on devices’ a) Voc and b) 

efficiency. The grain size is 2 µm and S = 10
5
 cm/s. The values determined from the CL 

measurements, SGB = 1.1×10
5
 cm/s and SGB = 2.9×10

5
 cm/s, are shown with dotted and dashed 

lines, respectively. 

 

grain interior and the surface. Time-resolved photoluminescence (TRPL) measurements before 

and after the CdCl2 treatment typically show changes in lifetime of about an order of magnitude 

[2,6,15]. Our simulations indicate that this variation in τGI does not significantly impact the SGB 

estimate. However, S, SGB, and τGI all impact device performance, and including these effects 

would capture more of the difference in device performance before and after the CdCl2 

treatment. Modeling analysis of GB potentials on CIGS material indicates that GB potentials can 

modify GB recombination and its impact on performance [16–18]. For CdTe, the potentials we 
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have measured this far still indicate that GB recombination will have a deleterious impact on 

overall performance [19]. 

GB potentials [20] are not included in this analysis.  Because the CL measurement is 

performed in high injection, the electric field from the GB potentials is screened by the generated 

high carrier density, and the CL contrast is dominated by recombination. Device performance 

modeling including GB potentials, SGB, S, τGI, and NA is a topic for future study. 

6.5 Conclusions 
 

Numerical simulations were used to explore how GB recombination velocity can be 

determined from CL measurements. For CdTe with a 1-µm grain size, the CL measurement can 

provide good GB recombination velocity values for typical polycrystalline CdTe material 

properties. Based on this, we find that SGB is on the order of 1–5×10
5
 cm/s in our CdTe samples. 

In larger-grain-size material, the measurement results depend on the surface and grain interior 

recombination, and additional measurements are needed to determine the GB recombination 

velocity and other recombination rates accurately. 
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  CHAPTER 7

CATHODOLUMINESCENCE SPECTRUM IMAGING ANALYSIS OF CdTe 

THIN-FILM BEVELS 
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7.1 Abstract 
 

We conducted � = 6 K cathodoluminescence (CL) spectrum imaging measurements on 

beveled surfaces of CdTe thin-films as a function of typical CdTe device processing. A nano-

scale electron beam probe was used. We find that the through-thickness total CL intensity 

profiles for the samples are consistent with a reduction in grain boundary recombination due to 

the CdCl2 treatment. Color-coded maps of the low-temperature luminescence transition energies 

reveal that CdTe thin films have remarkably non-uniform opto-electronic properties, which 

strongly depend on sample processing history. The grain-to-grain S content in the interdiffused 

CdTe/CdTe region was estimated from a sample size of thirty-five grains and we find that the S 

content in adjacent grains may vary by ~2× in CdCl2-treated samples. A low-temperature 

luminescence model was developed to interpret spectral trends at grain boundaries and grain 

interiors. 
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7.2 Introduction 
 

As CdTe thin film solar cells approach theoretical or practical efficiency limits, 

incremental gains in efficiency will likely become more difficult. If empirical methods to device 

development fail to yield performance improvements, we need robust characterization tools and 

data analysis to help us understand the root cause of failure. Ideally, this understanding could 

then be used to suggest alternative device processing strategies. In parallel to device 

development we should continue to develop characterization techniques and the interpretation of 

characterization data. 

Cathodoluminescence (CL) is a scanning electron microscope (SEM)-based technique 

that can probe the opto-electronic properties of CdTe solar cells with high spatial resolution [1–

6]. Recently, spectrum per pixel CL imaging, known as CL spectrum imaging or hyperspectral 

imaging, has been applied on the back surfaces of CdTe thin films [5,7] and on a CdTe device 

cross-section [4]. However, the interpretation of CL spectrum imaging data and the potential for 

this technique as a root-cause diagnostic tool for CdTe solar cells is underexplored. In this work, 

we present through-thickness CL spectrum imaging results on beveled surfaces of CdTe thin-

films. We analyzed the films as a function of typical CdTe device processing. We find that 

through-thickness intensity profiles for the films are consistent with a reduction in grain 

boundary (GB) recombination due to the CdCl2 treatment. Color-coded maps of the 

luminescence transition energies reveal that CdTe thin films have remarkably non-uniform opto-

electronic properties on the micron and sub-micron scale. These maps allow us to estimate the 

grain-to-grain variation in S content for a fairly large number of grains near the interdiffused 

CdTe/CdTe interface in CdCl2-treated samples. We also develop a low-temperature 
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luminescence model to help interpret GB and grain interior (GI) spectra, using a Cu-treated 

sample as an example. 

7.3 Experimental 
 

We analyzed CdTe absorbers after typical stages in the fabrication of complete solar cell 

devices [8,9]: after CdTe deposition, after the CdCl2 treatment, and after Cu treatment (doping). 

In this study, the latter involved Cu diffusion into the CdTe layer during deposition of the 

ZnTe:Cu back contact at an elevated temperature. The front-to-back structure of the thin film 

stacks we analyzed and the name given to each sample is presented in Table 7.1. 

Table 7.1 Sample structures and names. 

Thin film stack structure Sample name 

glass\fluorine-doped SnO2 (FTO)\SnO2 (TO)\CdS\CdTe as-deposited 

glass\FTO\TO\CdS\CdTe + CdCl2 treatment CdCl2-treated 

glass\FTO\TO\CdS\CdTe + CdCl2 treatment\ZnTe:Cu(2%) 

\Ti (metallization) 

(CdCl2+Cu)-treated 

The processing recipe (deposition methods, times, temperatures, etc.) used to make the stack 

layers has been described elsewhere [10]. The thickness of the CdTe layers for the samples in 

Table 7.1 ranged from 3 to 4.1 µm. 

 The CL data presented below was taken on bevels, which were milled through the 

thickness of the films with a Ga
+
 focused ion beam (FIB) (xT Nova NanoLab 200 FIB/SEM 

made by FEI Company). Prior to milling, a ~1 µm thick layer of Pt was deposited over the area 

of interest in the FIB. The Pt evens out some of the roughness at the top of the film stack and 

protects the eventual analysis area from stray Ga
+
 ions. The samples were tilted to form a 20° 

angle between the ion beam and the sample surfaces. A 30-kV ion beam voltage was used to 
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carve out the initial shape of the bevels and then the final beveled surfaces were prepared using a 

5-kV beam. We used the bevel configuration instead of the cross-sectional configuration because 

electron beam charging can be severe in cross-sectional measurements and because the 20° bevel 

effectively extends the cross-sectional area by 1/ sin 20°~3×. CL spectrum imaging 

experiments were performed in a JEOL 7600F Schottky Field Emission SEM with a Horiba 

HCLUE CL system. SEM beam conditions for the CL conditions were 5-kV accelerating voltage 

and about 1-nA current. With this electron-beam voltage, about 60% of the carriers are generated 

within a ~100-nm depth below the surface and within a ~100-nm lateral range. These values 

were determined by Monte Carlo electron energy-loss simulations using the CASINO software 

[11]. The H-CLUE CL system uses a parabolic light collection mirror and an iHR320 

spectrometer equipped with a Syncerity thermoelectrically cooled charge coupled device (CCD) 

detector (1024×256 pixels). Spectra were dispersed by a grating with 600 lines/mm, blazed to 

1000 nm, and the spectrum acquisition time was 5 ms. Samples were cryogenically cooled in the 

SEM on a Gatan CF302 continuous flow liquid helium cold stage to a nominal temperature of 6 

K. 

7.4 Results and Discussion 
 

In Figure 7.1 we show CL maps (or images) taken on the beveled surfaces for the as-

deposited film along the top row, the CdCl2-treated film along the middle row, and the 

(CdCl2+Cu)-treated complete solar cell device along the bottom row. The back and front of the 

CdTe layers are at the top and bottom of the images, respectively. Note the scale bar at the 

bottom right of each image is 0.5 µm and the total width of the images is about 20–25 µm. The 

images on the left column of Fig. 7.1 are total intensity images, integrated over the 1.386–1.61 

eV spectral range. After subtracting the background signal, the intensity in each image is 
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normalized to the max intensity in that image (i.e., normalization is not universal). In CL 

spectrum imaging we collect a spectrum per pixel in an SEM image, so that at each pixel with 

spatial coordinates (�,�) we have a full luminescence spectrum. To display the spectral features  

 
Figure 7.1 Black and white total CL intensity images in the left column and color images in 

the right column for the as-deposited (top row), CdCl2-treated (middle row), and (CdCl2+Cu)-

treated (bottom row) samples. 

in two dimensions we use color-coded maps of the luminescence transitions energies, as shown 

in the right column of Fig. 7.1. We call these photon energy maps. To make the maps, the 

spectral range is divided into three transition energy regions 1.386–1.500 eV, 1.500–1.575 eV, 

and 1.575–1.61 eV, which are assigned Red, Green, and Blue colors, respectively. Each 

spectrum is normalized to the max intensity and then the total counts in each energy region are 
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normalized to the 0–255 Red-Green-Blue color code. With this normalization scheme, pixel 

color (roughly) indicates the dominant transition energy range at each location of CL excitation. 

Color variations in the photon energy maps reveal that there is a remarkable degree of 

non-uniformity in the opto-electronic properties (1) within grains, (2) from grain to grain, and (3) 

from the front to the back of the CdTe. The features in the top half of the photon energy maps for 

the as-deposited and CdCl2-treated films in Fig. 7.1 are very similar to the back surface features 

described for similar samples in Ref. 5, so we do not discuss them further here. The objective of 

the current study is to analyze: changes in the through-thickness intensity profiles caused by the 

CdCl2 and Cu treatments, grain to grain spectral variations near the interdiffused CdTe/CdS 

interface, and GB vs. GI spectral trends after Cu-treatment. 

7.4.1 Total Intensity Images and Through-Thickness Profiles 

 

Figure 7.2 is a plot of the through-thickness total intensity profiles for the three samples, 

averaged over the entire width of the images in the left panel of Fig. 7.1. Here, the abscissa is the 

approximate distance normal to the film growth direction (i.e., vertical distance along the 

bevel× sin 20°), and the intensity is normalized for each sample. Prior to the CdCl2-treatment, 

the CL intensity slopes upward away from the front of the CdTe (and the CdTe/CdS interface) 

for approximately ~70% (2.5 µm/3.5 µm) of the total film thickness. After the CdCl2 treatment, 

the profile increases much more rapidly away from the front and is more uniform throughout the 

CdTe layer. In addition, the profile for the (CdCl2+Cu)-treated sample is squarer than that for the 

CdCl2-treated sample. Because these two samples have about the same thickness, it can be 

observed that the decline in intensity near the back of the CdTe occurs later for the (CdCl2+Cu)-

treated sample than for the CdCl2-treated sample. 
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Figure 7.2 Total intensity CL profiles for the as-deposited, CdCl2-treated, and (CdCl2+Cu)-

treated samples. 

 

 The reason for the more gradual increase in the CL intensity away from the front of the 

CdTe for the as-deposited is probably due to the effects of non-radiative GB recombination, 

grain size, and GB passivation. The circular features in the CL images (Fig. 7.1) are grains. Thus, 

at least for the as-deposited sample, we can state qualitatively that the average grain size 

increases (somewhat gradually) from about 0.5 µm in diameter at the front of the CdTe near the 

CdTe/CdS interface to a couple of microns at the back of the CdTe (i.e., in the CdTe film growth 

direction). Especially for the as-deposited sample, GBs are darker than the GIs in the total CL 

intensity images. This is likely because dangling, distorted, or wrong bonds at the GBs create 

high concentrations of midgap levels that are non-radiative recombination centers. So we could 

actually expect the CL intensity to increase gradually away from the front of the CdTe as the GB 

density decreases. The fact that this is only the case for the as-deposited sample is yet another 

indicator [1,5,7] that GBs are active non-radiatve recombination centers prior to the CdCl2-

treatment, and that the CdCl2-treatment passivates a significant fraction of the GB deep levels. 
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However, we should also consider that the grain size might have been increased by the CdCl2 

treatment. The Cu-treatment may further improve GB passivation⎯as suggested by one 

theoretical study [12]⎯but this cannot be inferred from the intensity profiles. 

7.4.2 Photon Energy Maps and Low-Temperature CL Model 

 

 We turn our attention now to the photon energy maps in right panel of Fig. 7.1⎯more 

specifically, to the bottom of images, which corresponds to the front of the CdTe near the 

CdTe/CdS interdiffused interface. It can be seen that the features at the front of the CdTe are 

qualitatively similar for the CdCl2 and (CdCl2+Cu)-treated samples. Perhaps the most striking 

features are the small green circles, each of which must be a small grain. These circles have a 

darker green color in the center (i.e., in the GI) and a lighter green color at the edges (i.e., at the 

GBs). We examine these grains further in Fig. 7.3. 

In Fig. 7.3 we show a zoomed-in view of the small area delineated with white dotted line 

in the bottom-left corner of the (CdCl2+Cu)-photon energy map. The white scale bar in the 

zoomed-in image is 0.5 µm. We plot the average spectrum for the dark green pixels in the centers 

of two neighboring grains, labeled 1 and 2 in the image, and the spectrum at a light green GB 

pixel between the grains (GB 1–2). (As a visual aid, the line color of each spectrum has been 

matched to corresponding pixel color.) A single peak can be observed in the spectrum for each 

grain, whereas a double peak is observed in the spectrum for the GB. The GB peaks occur at 

approximately the same energies as those for the grains, 1.534 eV for grain 1 and 1.556 eV for 

grain 2, but they have lower peak intensities. Importantly, we have found that this is a general 

trend for the grains and GBs with a similar appearance in the photon energy maps. Also, for 

these grains, we observe less variation in the peak energy within a grain than from grain to grain. 
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Figure 7.3 Zoomed-in image of the CdTe/CdS interdiffused region in the (CdCl2+Cu)-

sample (Fig 7.1), and plots of the spectra within the grains labeled 1 and 2 in the image and the 

GB between them, labeled GB 1-2. The white scale bar in the image is 0.5 µm. 

 

This tells us that, when exciting excess carriers with the electron beam in the center of one of 

these grains, only a small fraction of total carriers diffuse and recombine radiatively in 

neighboring grains and the majority of the CL signal is localized within the excited grain. Only 

when exciting at the GB pixel, where the generation volume overlaps both GIs, do we see signal 

from both grains. It should be noted that the peak energies for grains 1 and 2 are considerably 

lower than those for excitons in “pure” CdTe at low-temperature, i.e., 1.58–1.60 eV. It is well 

known that interdiffusion of CdTe and CdS can lead to CdSxTe1-x alloying. The bandgap of the 

resultant alloy, �! ���!��!!! , bows downward from the bandgaps of CdTe (�! ���� ) and 

CdS (�! ��� ) according to the quadratic equation 

�! ���!��!!! = ��
!
+ �! ��� + �! ���� − � � + �! ���� , (7.1) 

where � is the bowing parameter and � is the fraction of anion sites occupied by S [13–15]. In a 

low-temperature photoluminescence investigation of CdTe/CdS interdiffusion and CdSxTe1-x 

alloying, Potter et al. [13] used Eqn. 7.1 to estimate � values from the luminescence peak 
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energies in the interdiffused region. Their assumption was that redshifts in peak energy relative 

to the CdTe exciton peak energy were due entirely to formation of Te-rich CdSxTe1-x alloy. 

Employing this approach here, we estimate x values for grains 1 and 2 in Fig. 7.3(a) of 0.090 and 

0.051, respectively. Here we have used literature [16] values of 1.69 and 2.50 eV for � and the 

low-temperature CdS bandgap �! ��� , respectively. For the low-temperature CdTe bandgap 

�! ���� , we used the exciton peak energy at the back of the CdTe in the (CdCl2+Cu)-sample, 

1.591 eV. This exercise has shown that adjacent grains in the CdTe/CdS interdiffused region 

may differ in their S content (atomic concentration) by almost 2×. 

In Figure 7.4 we plot the peak intensity vs. peak energy for thirty-five green grains in 

photon energy map for the (CdCl2+Cu)-treated sample. For a given grain, the peak energy is 

determined from the average spectrum in the GI. On the top axis we have included the estimated 

x in CdSxTe1-x based on the peak energy; note the scale of this axis is non-linear. This plot shows 

for the first time that⎯for a relatively large sample of grains near the CdTe/CdS interdiffused 

interface⎯the (peak) CL intensity within the grains is mostly uncorrelated with the S content. 

The average grain � value is 0.098 and the standard deviation is 0.030. 

Now we focus on the back of the CdTe in the photon energy maps (see the top of the 

images) in Fig. 7.1. Comparing the pixel color in images across the samples, it can be seen that 

the dominant spectral region progressively redshifts during the CdCl2 and Cu post-deposition 

treatments, as it transitions from 1.575–1.61 eV for the as-deposited sample, to 1.386–1.500 eV 

for the CdCl2-treated sample, to 1.500–1.575 eV for the (CdCl2+Cu)-treated sample. As 

mentioned earlier, in Ref. 5, we analyzed the changes that occur in the photon energy maps at the 

back of the CdTe as a result of the CdCl2-treatment. In this work, we analyze the bright red lines  
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Figure 7.4 Plot of the peak intensity within thirty-five green grains (discussed in the text) 

near the CdTe/CdS interdiffused region for the (CdCl2+Cu)-treated sample. The estimated x in 

CdSxTe1-x based on the peak energy is shown on the top axis; the scale is non-linear. 

 

near the back of the CdTe in the photon energy map for the (CdCl2+Cu)-treated sample, which 

are clearly the signature of the GBs post-Cu treatment. 

In Fig. 7.5 we show a zoomed-in view of the small area delineated with white dotted line 

in the top-right corner of the (CdCl2+Cu)-photon energy map (right column, Fig. 7.1). The white 

scale bar in the zoomed-in image is 0.5 µm. We plot the average GB spectrum along the bright-

red line and the average spectrum at the nearby GI region, which has a blue/purple color in the 

image. The intensities of the spectra have been normalized to the GI maximum. Two bands of 

transitions can be observed in the spectra: a band in 1.575–1.61 eV transition energy range and 

broad band of transitions with a maximum at about 1.43 eV. As we alluded to earlier, the 1.575–

1.61 eV band is due to exciton transitions. The lower energy band is believed to arise from 

donor-acceptor-pair (DAP) transitions and electron-to-acceptor (eA
0
) transitions involving CuCd 

acceptors, for which the defect activation energy has been determined to be ~100–120 meV 

[17,18].  
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Figure 7.5 Zoomed-in image of the back of the CdTe in the photon energy map for the 

(CdCl2+Cu)-treated sample (Fig. 7.1), and the average spectra at the GB and nearby GI region. 

The white scale bar in the image is 0.5 µm. 

 

It is apparent from the spectra in Fig. 7.5 that the intensity of the exciton band is 

significantly reduced at the GB, whereas the intensity of the lower energy band increases 

slightly. For the grains and GBs with a similar appearance in the photon energy map (Fig. 7.1), 

we have found that the exciton intensity is always significantly reduced at the GB relative to the 

GI; the intensity of the lower energy transitions may increase at the GB, as in Fig. 7.5, or it may 

decrease. In CL or micro-photoluminescence (PL) studies at liquid nitrogen temperature, the 

exciton intensity has also been observed to decrease considerably at GBs in CdTe thin films [3] 

and at dislocations in epitaxially grown single crystal CdTe films [19]. The authors of these 

studies have explained their results by suggesting that, at the GB or dislocation structural defects, 

exciton recombination becomes non-radiative [3,19]. However, this explanation seems unlikely 

given that excitons recombine with energy almost equal to the bandgap energy. Below, we 

describe a low-temperature luminescence model, which provides an alternative explanation for 

why exciton emission decreases significantly at GBs other structural defects in CdTe. The model 

also addresses whether the increase in the CL intensity at the GB for the lower energy transitions 

in Fig. 7.5 indicates a higher concentration of radiative defects at the GB relative to the GI. 
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 The following luminescence model is based on the kinetic rate-equation models 

developed by Schmidt et al. [20] and by Reshchikov et al. [21,22] for competing recombination 

processes. As shown in the energy band schematic in Figure 7.6, a number of (charge) carrier 

capture and recombination processes are possible in a low-temperature luminescence 

experiment. We will show that the rate of each process can be determined by solving a system of 

kinetic rate-equations. 

We consider the radiative and non-radiative processes that occur at three types of defects: 

a shallow donor, an acceptor, and a midgap donor. We assume that recombination occurring at 

the shallow donor and at the acceptor is only radiative and recombination at the midgap donor is 

only non-radiative. Prior to recombination events, carriers⎯electrons, holes, and excitons⎯must 

get trapped or bound at the defects (except in the case of free exciton recombination). Trapping 

is a non-radiative carrier capture process, which, in terms of the band diagram, involves the 

transition by a carrier from a band to a defect level. 

 

Figure 7.6 Non-radiative and radiative processes in the low-temperature luminescence 

model. Processes E–G are not shown. 



 115 

Likewise, in process B, free holes in the valence band are captured by ionized acceptors 

(A
-
) to form neutral acceptors (A

0
). Free electrons can also be captured by positively charged 

midgap donors (S
+
) to form a neutral level (S

0
) (process C). Neutral midgap donors can 

subsequently capture free holes, which results in non-radiative recombination and restores the 

positive charge on the donor (process D). We assume that excess carriers are initially generated 

as electrons and holes, which can later bind to form free excitons; this represents an additional 

non-radiative “capture” process (E) not shown in Fig. 7.6. Donor and acceptor bound excitons 

are formed when free excitons are captured by neutral donors and neutral acceptors, respectively. 

These are processes F and G, respectively, and are not shown in Fig. 7.6. We assume that at low-

temperature (T=6 K for the CL measurements in this study), thermal reemission of trapped 

carriers to the bands and thermal dissociation of excitons (inverse capture processes) are 

negligible.  

Possible radiative transitions are depicted on the right side of Fig 7.6. Process H involves 

transitions between holes bound to acceptors and electrons bound to donors, or DAP transitions; 

process I involves transitions between electrons in the conduction band and holes bound to 

acceptors, or eA
0
 transitions; and processes J-L involve free and bound exciton transitions. It 

should be noted that transitions involving bound carriers return the defects to their unbound state. 

For example, a DAP transition leaves both the donor and acceptor in the ionized state (i.e., D
+
 

and A
-
) such that they can capture carriers again. 

We assume that the rate of each process is proportional to the concentrations of the 

carriers and defects (cm
-3

) involved and a characteristic rate constant (cm
3
s

-1
) or lifetime (s

-1
) in 

the case of exciton radiative recombination. The coupled differential equations that describe the 

rates of processes A-L are: 
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where � is the electron beam generations rate with units cm
-3

s
-1

; �, �, and �! are the free 

electron, hole, and exciton concentrations, respectively; �!
!, �!

!, and �!
! are the concentrations 

of ionized (or charged) shallow donors, acceptors, and midgap donors; �!
!, �!

!, and �!
! are the 

concentrations of neutral shallow donors, acceptors, and midgap donors; �!" and �!" are the 

concentrations of donor and acceptor bound excitons; �!", �!", �!", are the capture constants for 

processes A–C; �!" is the recombination rate constant for non-radiative transitions at the deep 

donor (process D); �!, �!", and �!" are the capture constants for processes E–G; �!" and �!" 

are the recombination rate constants for DAP and eA
0
 radiative transitions (processes H and I); 

�!, �!", and �!" are the lifetimes for free excitons, donor bound excitons, and acceptor bound 

excitons (processes J-L). The last equation in the system, Eqn. 7.10, is the charge neutrality 

equation. 
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 Using reasonable values for the rate constants and the lifetimes, we can solve equations 

7.2–7.10 numerically to obtain the rates of each radiative transition process as a function of only 

three variables: �!, �!, and �! [21,22]. Here, �!, �!, and �! are the total concentration of 

shallow donors, acceptors, and midgap donors (i.e., �! = �!
!
+ �!

!, etc.). Note that the spectral 

intensity for each transition also depends on bandwidth and electron-phonon coupling 

parameters.  

Simulated spectra for the experimental GI and GB spectra in Fig. 7.5 are shown in Fig. 

7.7. In order to “simulate” the experimental GI spectrum we start by assuming the values 

�! = 1×10
!", �! = 5×10

!", and �! = 5×10
!" cm

-3
. Then we adjust the bandwidth and 

electron-phonon coupling parameters for each transition to reproduce the qualitative appearance 

of the total GI spectrum in Fig. 7.5. To simulate the experimental GB spectrum, we coarsely 

adjust �!, �!, and �! from the assumed GI values, while keeping the other spectral parameters 

constant. The “optimized” �!, �!, and �! values for the simulated GB spectrum are 3×10!", 

5×10
!", and 1×10!" cm

-3
, respectively. It can be the seen that the simulated spectra in Fig. 7.7 

agree fairly well with the experimental spectra of Fig. 7.5. Note that the non-radiative 

recombination rate at the midgap donors scales with �!. 

The simulation results show that enhanced non-radiative electron-hole recombination at 

midgap centers, which have a higher concentration at GBs, can reduce the exciton transition 

intensities. In other words, the model accounts for the significant decrease in the intensity of the 

exciton band at the GB in Fig. 7.5 without having to invoke the existence of non-radiative 

exciton transitions. The model also confirms the more obvious result that an increase in the CL 



 118 

intensity at the GB for the lower energy transitions (as in Fig. 7.5) likely indicates a higher 

concentration of shallow donors (or acceptors) at the GB. 

 
Figure 7.7 Simulated GB and GI spectra for the experimental spectra in Fig. 7.5. 

 

7.5 Summary 
 

We presented through-thickness CL spectrum imaging results on beveled surfaces of 

CdTe thin-films as a function of typical CdTe device processing. We found that the total CL 

intensity profiles for the films are consistent with a reduction in grain boundary recombination 

due to the CdCl2 treatment. Color-coded maps of the luminescence transition energies reveal that 

CdTe thin films have remarkably non-uniform opto-electronic properties, which strongly depend 

on the processing history. The grain-to-grain S content in the interdiffused CdTe/CdTe region 

was estimated from a sample size of thirty-five grains and we found that the S content in 

adjacent grains may vary in S content by ~2× after the CdCl2 treatment. A low-temperature 

luminescence model was developed to explain spectral trends at grain boundaries and grain 

interiors, using spectra for the (CdCl2+Cu)-treated sample as an example. 
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  CHAPTER 8

UNDER WHAT CONDITIONS IS IT POSSIBLE TO “DETECT” GB POINT 

DEFECTS BY CL? 

 
Due to grain boundary segregation phenomena, impurities and intrinsic point defects 

often exist in higher concentrations at the grain boundaries. A question is: under what 

conditions is it possible to “detect” these higher concentrations by low-temperature CL? 

We can answer this question, in first approximation, if we consider a simplified CL spectrum 

imaging experiment. We take the electron-beam generation volume to be a uniform generation 

sphere beneath the sample surface, as shown in the Figure 8.1 cross-section schematic. The 

 
Figure 8.1 Cross-section schematic of the steady-state excess carrier density beneath the 

surface of the sample in the simple CL spectrum imaging experiment. The red circles are 

radiative point defects. 

 

sample is assumed to have a single type of radiative point defect (red circles in Fig. 8.1). A grain 

boundary intersects the surface at a right angle and it has a planar density of the radiative defect 

given by �!" (cm
-2

). We would like to determine whether this planar density could be detected 
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over the grain interior (volume) density given by �!" (cm
-3

). In first approximation, we can 

assume that excess carrier recombination occurs uniformly within the generation sphere and is 

negligible outside the sphere. Thus, a uniform excess carrier density ∆� is established within the 

sphere in steady state, as illustrated in Fig. 8.1. Further, we assume that the radiative 

recombination rate through the radiative defects is proportional to the defect density and to the 

excess carrier density. The highest probability for detecting the grain boundary radiative defects 

occurs when the electron beam is directly over the grain boundary as depicted in in Fig. 8.1. This 

is when the ratio of the grain boundary area to sphere volume is maximum, where the area is 

defined by the intersection of the sphere and the grain boundary plane. The contribution to the 

CL intensity from the defects in the grain boundary plane relative to the contribution from 

surrounding grain interior defects within the generation sphere volume is 

!!"!!"!,!"

!!"!!"!,!"

=
!!

!

!

!
!!!

!!"

!!"

= 0.75
!

!

!!"

!!"

.     (8.1) 

where � is sphere radius. So, in this simple model of the CL spectrum imaging experiment, we 

can detect the radiative grain boundary defects if 0.75
!

!

!!"

!!"

> 1, but not if 0.75
!

!

!!"

!!"

< 1. 

 As an example application of Eqn. 8.1, we utilize results from a recent time of flight 

secondary ion mass spectrometry study on CdCl2-treated CdTe thin films by Mao et al. [1]. Mao 

et al. were able to deduce that the chlorine densities at the grain boundaries and the grain 

interiors in their films were approximately 2×10!" cm
-2

 and 4×10!" cm
-3

, respectively. If we 

use these values for �!" and �!", respectively, we can plot Eqn. 8.1 as a function of �, as shown 

in Figure 8.2. 
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Figure 8.2 Plot of Eqn. 8.1 for chlorine defects in CdTe. 

 

Setting a lower limit to the generation sphere radius of 25 nm, Figure 8.2 indicates that 

when the electron beam is directly over a grain boundary, the CL intensity associated chlorine 

defects in the grain boundary plane could be up to 180× the intensity associated with the 

surrounding grain interior defects. Hence, in this simplified CL spectrum imaging experiment, it 

would definitely be possible to detect chlorine defects in the grain boundary plane. From Figure 

8.2 it can be seen that we could detect chlorine defects in the grain boundary plane for much 

larger generation spheres, having radii of up to 4.5 µm (note this is larger than the typical grain 

size in CdTe thin films). Another point is that as long as 
!!"!!"!,!"

!!"!!"!,!"

> 1, the total CL intensity 

registered when the electron-beam is over the grain boundary would be expected to be greater 

than when the beam is away from the boundary (e.g., in the middle of a grain). 
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However, contrary to the implications of this simple CL model, we have not observed 

increases in the overall CL signal at grain boundaries in actual spectrum imaging experiments. 

This is because of several reasons; we discuss a non-exhaustive list here. First, the steady-state 

excess carrier density is likely significantly reduced in the immediate vicinity of the grain 

boundary plane due to the low carrier lifetime there. Since the CL intensity associated with the 

radiative point defects is proportional to the radiative defect density and to the excess carrier 

density, a lower grain boundary excess carrier density counterbalances higher densities of 

radiative defects at the grain boundary. Second, the same impurities may form different point 

defects or complexes at the grain boundary compared to the grain interior, and the defects at the 

grain boundary may have lower radiative efficiencies than those in the grain interior. Finally, 

some impurities substitute for the grain boundary core atoms, which may passivate the deep 

levels there and increase the steady-state carrier density at the grain boundary (relative to the 

unpassivated case). However, as grain boundary core atoms, these impurities might not be 

radiative and the CL intensity at the grain boundary may still be decreased relative to the grain 

interior. 
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  CHAPTER 9

CONCLUSIONS 

 
This thesis concerned the development of a relatively new CL capability—known as CL 

spectrum imaging—for the characterization of recombination and defects in CdTe solar cells. 

We used low-temperature CLSI with nano-scale spatial resolution to qualitatively and 

quantitatively compare carrier recombination and defects at grain boundaries (GBs) and grain 

interiors (GIs) in as-deposited and CdCl2-treated CdTe thin films. Photon energy maps of the 

films show that the optoelectronic properties of the GBs and GIs become more aligned after the 

CdCl2 treatment, which may be due to formation of (VCd
2-

–2ClTe
+
)

0
 at both GB and GI locations. 

Application of an image-analysis algorithm to the grayscale CL intensity images allowed us to 

compute statistically meaningful CL GB contrast values for the films. Based on these contrast 

values, and on the TRPL lifetimes we determined for the films, we conclude that: (1) GBs are 

major recombination pathways for carriers in as-deposited films, (2) grain-to-grain variation in 

the optoelectronic properties of films is reduced by the CdCl2 treatment, and (3) the CdCl2 

treatment passivates deep GB core states, but only to a limited extent. 

We investigated relationships between the structure and opto-electronic properties of 

CdTe GBs by employing nanoscale CL spectrum imaging and EBSD OIM on as-deposited and 

CdCl2-treated film back surfaces. We examined misorientation-based GB types CSL Σ=3, other-

CSLs (Σ=5−49), and general GBs (Σ>49). We found that the microstructural characteristics 

derived from EBSD data are about the same for the as-deposited and CdCl2-treated films. GB 

length fractions are ~47%–48% Σ=3, ~6%–8% other-CSL, and ~44%–47% general GBs. Also, 

up to ~80%–82% by length of the Σ=3 GBs are coherent 111  twins and the occurrence of 
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coherent twins is ~1,200−1,400 times more frequent than it would be if the GB misorientations 

and plane orientations were randomly distributed. Statistical average CL intensities for the GB 

types were calculated from samples of ≥97 GBs per type and compared to the average GI CL 

intensity. We found that only ~16%–18% of Σ=3 GBs are active non-radiative recombination 

centers relative to the GIs in the films. In contrast, all other-CSL and general GBs were observed 

to be strong non-radiative centers relative to the GIs and, on average, these GB types have about 

the same CL intensity—even though CSL GBs are expected to be more periodic GB structures. 

The CdCl2-treatment was shown to reduce non-radiative recombination at both other-CSL and 

general GBs. In addition, for both as-deposited and CdCl2-treated films, we observed an increase 

in the average CL intensity with GB disorientation angle. 

Numerical simulations were used to explore how GB recombination velocity can be 

determined from CL measurements. For CdTe with a 1-µm grain size, the CL measurement can 

provide good GB recombination velocity values for typical polycrystalline CdTe material 

properties. Based on this, we found that SGB is on the order of 1–5×10
5
 cm/s in our CdTe 

samples. In larger-grain-size material, the measurement results depend on the surface and grain 

interior recombination, and additional measurements are needed to determine the GB 

recombination velocity and other recombination rates accurately. 

We presented through-thickness CL spectrum imaging results on beveled surfaces of 

CdTe thin-films as a function of typical CdTe device processing. We found that the total CL 

intensity profiles for the films are consistent with a reduction in GB recombination due to the 

CdCl2 treatment. Color-coded maps of the luminescence transition energies reveal that CdTe thin 

films have remarkably non-uniform opto-electronic properties, which strongly depend on the 

processing history. The grain-to-grain S content in the interdiffused CdTe/CdTe region was 
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estimated from a sample size of thirty-five GIs and we found that the S content in adjacent grains 

may vary by ~2× after the CdCl2 treatment. A low-temperature luminescence model was 

developed to explain spectral trends at GBs and GIs, using spectra for a (CdCl2+Cu)-treated 

sample as an example.
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 129 
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