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Abstract

Chlorine passivation treatment of cadmium telluride (CdTe) solar cell improves de-

vice performance by assisting electron-hole carrier separation at CdTe grain boundaries.

Further improvement in device efficiency is observed after alloying the CdTe absorber

layer with selenium. High resolution secondary ion mass spectroscopy (Nano-SIMS)

imaging has been used to determine the distribution of selenium and chlorine at the

CdTe grain boundaries in a selenium-graded CdTe device. Atomistic modeling based

on density functional theory (DFT-1/2) further reveals that the presence of selenium

and chlorine at an exemplar (110)/(100) CdTe grain boundary passivates critical ac-

ceptor defects and leads to n-type inversion at the grain boundary. The defect state
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analysis provides an explanation for the band bending effects observed in the energy

band alignment results, thereby elucidating mechanisms for high efficiencies observed

in Se alloyed and Cl passivated CdTe solar cells.

Keywords: CdTe solar cells, Atomistic modeling, Defect passivation, Grain boundaries,

Energy band alignment, Density Functional Theory, Electronic structure

Introduction

Cadmium telluride solar cells are a key technology in the photovoltaics (PV) market. The

optimization of processing steps such as alloying selenium (Se) with the CdTe as well as

replacement of contact and buffer layers have led to 22.1% efficient research scale CdTe

device.1–4 One of the important fabrication steps that has enhanced efficiency involves cad-

mium chloride (CdCl2) treatment of the CdTe absorber layer. Published literature shows

the CdCl2 treatment of polycrystalline (px) CdTe based cells leads to superior device per-

formance compared to single crystal CdTe based solar cell.5 This suggests that the chlorine

(Cl) interaction with the grain boundaries is crucial to obtain high efficiencies in px-CdTe

solar cells.

Over the years, researchers have proposed several mechanisms to explain the success of

CdCl2 treatment in improving the CdTe device performance.6 Numerous reports conclude

that the high temperature CdCl2 treatment of the CdTe layer leads to recrystallization and

grain growth along the close packed (111) orientation.7–9 It has also been proposed that

CdCl2 heat treatment passivates the deep defect levels and enhances the charge carriers

lifetime.6,10,11 In another report, Li et al. using scanning transmission electron microscopy

along with density functional theory described that Cl substitution of the tellurium (Te)

sites leads to n-type inversion at the grain boundary.12 Therefore, a local p-n junction is

established between the grain interior and the grain boundary which assists in separation of

electron-hole pair charge carriers.
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Along with CdCl2 passivation treatment, recent device efficiency improvements to 22.1%

have been realized by alloying Se within the CdTe film.4 Published literature reveals, CdCl2

treatment of Se alloyed CdTe layer leads to Se grading through the CdTe grain boundary,

forming a graded CdSexTe1-x/CdTe absorber layer.13,14 One study shows that grading Se in

the CdTe film passivates the non-radiative recombination centers in the bulk material.13 It

is also thought that the improvement in minority carrier lifetime is due to the presence of

Se and Cl in the CdTe grain boundaries.14 These findings emphasize the need to understand

the effects of grading Se from CdSexTe1-x to CdTe absorber layers to further improve the

device performance.

Several studies in past using experimental and theoretical techniques have explored the

electronic properties of bulk CdSexTe1-x.15–18 However, the combined effects of Se and Cl at

the CdTe grain boundaries on the electronic structure and charge carrier transport behaviors

are unknown. In this work, we report the Se, Cl atomic scale composition and electronic

structure of the grain boundaries through nano SIMS and density functional theory simu-

lations respectively. The study demonstrates that alloying Se and Cl together at the grain

boundary passivates deep level acceptor trap states when compared to bare (unalloyed) or

only Cl at the CdTe grain boundary. The energy band alignment result shows high den-

sity of benign donor states existing below the Fermi level. The presence of high density

benign donor states inverts the boundary region from p-type to n-type, establishing a local

p-n junction for efficient charge extraction. This understanding of the role of Se and Cl in

copassivating the CdTe grain boundary defect states provides useful details that can further

contribute to higher CdTe device efficiency.
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Results

CdTe and CdSexTe1-x/CdTe absorber based PV devices

To perform the study, two CdTe cells (with and without Cl) and one CdSeTe/CdTe absorber

based solar cells were fabricated as described in the methods section. Figure 1 (a) shows

the schematic device structure of the CdSeTe/CdTe solar cell. To understand the effect of

alloying selenium and chlorine on the device performance, the CdSeTe/CdTe film and one

CdTe absorber based substrate received the CdCl2 treatment while the other CdTe substrate

was finished into device without any CdCl2 treatment. The electrical measurements were

performed on the finished devices to generate the current density vs voltage diode curves.

The box plot (see Figure 2) depicts the Open-circuit Voltage (VOC), Short-circuit current

density (JSC), Fill Factor (%), and Efficiency (η) comparison between the untreated CdTe,

CdCl2-treated CdTe and CdCl2-treated CdSeTe/CdTe based PV devices. Comparing the

device parameters from the box plot results (see Figure 2), it was evident that the CdCl2

treatment of the CdTe absorber layer plays a prominent role in bolstering the PV device

performance from <1% to 15%+ efficiency.

For CdCl2-treated CdSeTe/CdTe absorber based solar cells, a notable increase in the

JSC was obtained due to the use of a smaller bandgap CdSeTe material toward the front of

the device. The small bandgap absorber material increases light absorption in the longer

wavelength region of the spectrum and thus more current can be extracted from the PV

device.1,13 In addition to an improved short-circuit current, alloying Se in the CdTe layer

also enhances the Open-Circuit Voltage values in CdSeTe/CdTe PV devices (Figure 2 (a)).

Such an improvement in the VOC values has been credited to improved minority carrier

lifetimes in the absorber.1,13,19 Figure 1 (b) shows the current density-voltage diode curves

for the best performing devices from each substrate. The best performing untreated CdTe

device gave an efficiency of 0.22%, while the CdCl2-treated CdTe device gave an efficiency of

15.27%. The efficiency value further increased to 18.30% for the CdCl2-treated CdSeTe/CdTe
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Figure 1: (a) Schematic showing highly efficient CdSeTe/CdTe PV device in superstrate
configuration (not to scale). (b) Comparison of the best performing untreated CdTe, CdCl2-
treated CdTe and CdCl2-treated CdSeTe/CdTe PV devices.

PV device. Table 1 summarizes the measured device parameters for the above three best

performing devices.

Table 1: J-V measurement comparison of the best performing CdTe/No CdCl2, CdTe/CdCl2,
and CdSexTe1-x/CdTe/CdCl2 PV devices.

Absorber layer JSC (mA/cm2) VOC (mV) %FF %η

CdTe/No CdCl2 1.2 460 40.8 0.22
CdTe/CdCl2 24.2 831 76.0 15.27

CdSexTe1-x/CdTe/CdCl2 28.3 854 75.8 18.30

To understand the atomic distribution of Se and Cl atoms in the highly efficient CdCl2-

treated CdSeTe/CdTe PV device, the elemental mapping was performed using the nano-

SIMS technique (described in the methods section) on a similar CdCl2-treated CdSeTe/CdTe

absorber film. Figure 3 (a) shows a plane-view image of the chlorine signal intensity in the
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Figure 2: Box plot comparing the (a) Open-Circuit Voltage (VOC) (b) Short-Circuit current
density (JSC) (c) Fill Factor (%) (d) Efficiency (η) between untreated CdTe, CdCl2-treated
CdTe and CdCl2-treated CdSeTe/CdTe PV devices. Each box plot contains device data for
20 solar cells.

Se-interdiffused CdTe absorber layer. It was observed that the strongest chlorine signal

emanates from the CdTe grain boundary regions, with small Cl hotspots located in the

interior of the grains. Figure 3 (b) shows a plane-view image of the selenium signal intensity

in the CdTe absorber. Apart from being concentrated at the CdTe grain boundaries, selenium

signal is also present in the grain fringes. The superimposed image of the chlorine and

selenium signals in Figure 3 (c) further confirms that selenium diffuses into the CdTe grains

while chlorine is mainly concentrated at the CdTe grain boundary regions. This suggests

that during CdCl2 treatment of bilayer CdSeTe/CdTe absorbers Se diffuses into the CdTe
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grains through the grain boundaries. While analyzing the Se graded CdSeTe/CdTe absorber

based PV devices, Fiducia et al. and Guo et al. have made similar observations in different

studies.14,20 Figure 3 (e) shows a line profile of the selenium and chlorine signals across two

grain boundaries in the CdTe absorber layer. As described earlier, the selenium signal was

found to be further diffused into the CdTe grain interior compared to chlorine (it should be

noted that the chlorine profile will be widened due to the 50-100 nm spot size of the ion

beam). Figure 3 (d) shows 3D renderings of the selenium and chlorine signals, showing the

diffusion of selenium into the CdTe grains.

Atomistic modeling of CdTe(110)/(100) grain boundary

After determining the Se and Cl distribution in CdTe absorber film, the microstructural map-

ping of the CdTe film (different from nano-SIMS microscopy) at a random surface (schematic

shown in Figure 4 (a)) was done with Electron Back Scatter Diffraction (EBSD) technique.

Figure 4 (b) shows the inverse pole image of the CdCl2-treated CdTe film with different

colors representing various grain orientations. As evident from Figure 4 (b), the CdTe grains

orient themselves in random crystallographic directions forming distinct grain boundary re-

gions. Since EBSD only gives 3 of the 5 macroscopic degrees of freedom that describe the

grain boundary, the orientation of the grain boundary plane is random. Using the color

code of CdTe grains, one random CdTe(110)/(100) grain boundary (see zoomed view of Fig-

ure 4 (b)) was chosen for the atomistic modeling. The basis for choosing CdTe(110)/(100)

grain boundary also comes from the previous research study, where Sen et al. used Den-

sity Functional Theory (DFT) to analyze the electronic properties of CdTe(110)/(100) grain

boundary.21 The atomistic CdTe(110)/(100) model represents an idealistic case of the grain

boundary as the twist angle associated with the grain boundary is unknown.

Figure 4 (c) shows the schematic of two probe CdTe(110)/(100) grain boundary model

(described in methods section). The interfacial energy per unit area, γGB was calculated
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Figure 3: Planar nano-SIMS performed on the CdCl2-treated CdSeTe/CdTe absorber, near
the back contact, shows (a) the distribution of Cl along the CdTe grain boundaries (b) the
distribution of Se along the CdTe grain boundaries (c) combined distribution of Cl and Se
in the absorber. The white dotted line indicates the position of the line profile shown in (f).
Scale bars for (a)-(c) are 2µm. (d) 3-D rendering of the chlorine (shown in yellow and red
color) and selenium (shown in blue color) distribution in the measurement volume. The x-
and y- dimensions of the 3-D renderings are 10 and 9.1 µm, respectively. (e) Line profile of
the Cl (red) and Se (blue) signal intensities across the region shown by the dashed line in
(c).

from DFT as follows:22

γGB =
1

2A
[ETotal − Ebulk,110 × n110 − Ebulk,100 × n100] (1)

where ETotal is defined as the total energy of the grain boundary model, Ebulk,110 and Ebulk,100

are the bulk total energies for (110) and (100) orientations respectively, n110 and n100 are

the repeating bulk equivalent unit cells in the respective (110) and (100) orientations that

are required to form the central region of the two-probe model, and ’A’ is the cross sectional
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Figure 4: (a) Schematic of CdCl2-treated CdTe absorber film for surface EBSD analysis (b)
CdTe surface EBSD image showing various CdTe grain orientations and grain boundaries.
The subFigure shows a zoomed view of (110)/(100) CdTe grain boundary chosen for atomistic
modeling. (c) Schematic showing a two-probe model of CdTe (110)/(100) grain boundary.
The dashed black line indicates the presence of grain boundary. The gold and green line
shows the respective Cl and Se atomic concentration distributed across the grain boundary
(Figure not drawn to scale). The modeled distribution is the first order approximation of
the experimental Se and Cl atomic concentration obtained from nano-SIMS analysis (Figure
3 (e))

area of the simulation domain. The calculated interfacial energy value came out to be 1.37

J/m2 and is in good agreement with published literature values.21,22

For the Se and Cl alloyed CdTe grain boundaries, the interfacial energy γGB using the

two probe model was found to be ∼ -730 J/m2. While the magnitude of the energy was

unreasonably lower than the typical grain boundary energy value, a negative sign would sug-

gest that Cl and Se diffusion is favorable at the CdTe grain boundary. The lower magnitude

of the interfacial energy could be attributed to the current two probe modeling setup, where

the (110) and (110) repeating bulk unit cells constitute only of the Cd and Te atoms. Since

Se and Cl atoms are missing from the bulk unit cell, the calculated energy values comes out

to be much lower than expected energy values. Nonetheless, the interfacial energy for the

Se + Cl alloyed CdTe grain boundary still indicates the segregation of Se and Cl atoms is
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favorable at the CdTe grain boundaries and can be verified from the nano-SIMS (see Figure

3) results and other published literature.12,14

It has been shown earlier by Li et al. that the CdCl2 treatment of CdTe absorber leads to

substitution of chlorine in the tellurium sites.12 Munshi et al., Fiducia et al., and Guo et al.

have also reported that selenium from CdSeTe layer grades into the CdTe absorber by sub-

stituting the tellurium sites.1,13,14 Guo et al. using electron energy loss spectroscopy (EELS)

further analyzed a similar CdSeTe/CdTe device to arrive to the conclusion that ∼35 at.% Cl

and ∼20 at.% Se substitutes the Te sites in the grain boundaries near the CdSeTe/CdTe in-

terface.14 Based on the atomic distribution of elemental Se and Cl atoms imaged through the

nano-SIMS (Figure 3) technique and the literature reports described above, Se and Cl atoms

were substituted randomly at the Te sites in the CdTe grain boundary atomistic model. In

line with experimental observations, Figure 4 (c) shows a first-order representation of the

atomic distribution with the green dashed line representing the diffused Se atoms (maxi-

mum concentration ∼20 at.%) and the gold dashed line representing the concentrated Cl

atoms (maximum concentration ∼35 at.%) in the two probe CdTe(110)/(100) grain bound-

ary model. However, it is to be noted here that unlike aberration corrected Transmission

Electron Microscopy analysis, nano-SIMS imaging does not give the atomic configurations

of the atoms at the grain boundaries. Therefore, as mentioned before, the current study

utilized other literature reports for determining the Se and Cl atomic configurations in the

two probe atomistic models.12,14

Pertinent electronic features of the CdTe(110)/(100) atomistic model were studied to

understand the copassivation mechanism of alloying Se and Cl atoms in the CdTe grain

boundaries. The energy band alignment plot for the bulk CdTe, bare CdTe grain boundary

and Se/ Cl alloyed CdTe grain boundary were generated by computing the local density of

states and projecting them along the z-direction. Figure 5 and 6 shows the energy band

alignment diagrams with macroscopically averaged curve fit of the valence band maximum

(VBM) and conduction band minimum (CBM) calculated using the gaussian kernel method
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described by Nicholson et al.23 The band gap energy, Eg
110 and Eg

100 were obtained from the

energy differences of the CBM and VBM at positions located closest to the bulk CdTe(110)

and CdTe(100) electrode ends respectively (Figure 6 (a)). The energy band alignment dia-

gram further shows various features such as a pickup/ dip in the CBM and pickup/ dip in

the VBM. As per the labels provided in Figure 5 (b), the peak energy potential in the CBM,

Epeak is defined as the energy difference between the peak curve fit of CBM (labeled point 2)

and the curve fit CBM value of the bulk-like CdTe(110) (labeled point 1). A positive value

of Epeak indicates a pickup (barrier for electron charge carriers) while a negative value sug-

gests a dip (enhancer for electron charge carriers) in the CBM at the CdTe(110)/(100) grain

boundary. Similarly, cusp energy potential Ecusp is defined as the energy difference between

the peak value of VBM (labeled point 4) and the VBM value of the bulk-like CdTe(110)

(labeled point 3). The dip energy potential Edip is defined as the energy difference between

the lowest dip value of the VBM (labeled point 5) and the VBM value of the CdTe(110)

bulk-like region (labeled point 3). The presence of a dip in the VBM indicates an inversion

from bulk p-type to n-type at the grain boundary and would act as a barrier for the hole

charge carrier transport across the grain boundary. Table 2 summarizes all the electronic

features for various grain boundary cases described earlier. A small difference between the

band gap values was observed for the bulk-like CdTe(110) and CdTe(100) regions. This

difference is majorly due to the screening length which can be accommodated by increasing

the number of atoms in the simulation. Nonetheless, the band gap values calculated with

DFT-1/2 for the bulk-like CdTe (Eg
110 and Eg

100) far away from the grain boundary is in good

agreement with the existing literature.22,23

Classification of the defect states

Figure 5 (a) and (b) shows the energy band alignment features of the bulk CdTe and bare

CdTe(110)/(100) grain boundary respectively. Figure 5 (c) and (d) shows the partial charge

distribution (obtained by a Mulliken population analysis24) on the Cd and Te atoms along
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Table 2: Salient electronic features in the energy band alignment of various CdTe(110)/(100)
grain boundaries.

CdTe(110)/(100) grain boundary Eg
110 (eV) Eg

100 (eV) Epeak (eV) Ecusp (eV) Edip (eV)

Bare 1.44 1.51 0.18 0.66 -0.33
ClTe 1.51 1.49 -0.64 - -0.52
SeTe 1.50 1.48 -0.05 0.30 -0.37

SeTe + ClTe 1.51 1.48 -0.56 - -0.58

the transverse z-direction for the respective bulk CdTe and CdTe(110)/(100) grain boundary

models. Cationic behavior is indicated by a positive electronic charge, while anionic behavior

is depicted by a negative electronic charge on the atoms. Figure 5 (c) shows a smooth

charge distribution for the bulk CdTe, as the anions and cations are arranged periodically

with no perturbation in the electrostatic potential. This unperturbed electrostatic potential

manifests itself into a defect state free flat energy band alignment diagram with energy

bandgap value of ∼1.51 eV throughout the bulk CdTe model.

However, the atoms at the CdTe(110)/(100) grain boundary deviates from the ordered

anionic/cationic arrangement. The deviation from periodic arrangement of atoms induces

a perturbation in the electrostatic potential and therefore affect the charges on the atoms

(see Figure 5 (d)) near the grain boundary region. Such a disordered arrangement of atoms

with varying degree of charge near the grain boundary creates electronic defect states in the

bandgap region. These defect states can be further classified into donor or acceptor states.

A donor defect state is defined as the state which donates electrons to the CBM and in

turn becomes positively charged while the acceptor states accepts electrons from the VBM,

thereby becoming negatively charged states. Figure 7 shows the density of defect states for

the bare and alloyed CdTe(110)/(100) grain boundary cases. The quantified density of defect

states is quantitatively in good agreement with other published literature.25 The presence

of the defect states (shallow or deep levels) bend the bands depending on whether they are

acceptor or donor defect states.
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Figure 5: Energy band alignment diagram of the (a) bulk CdTe and (b) CdTe (110)/(100)
grain boundary. The top arrow indicates the grain boundary plane. The white dotted
line denotes the Fermi energy level and the blue curves are the macroscopic average fits
of the VBM and CBM. The second set of energy band alignment diagrams highlights the
grain boundary defect states (indicated by green lines) mapped with respect to energy and
localized positions based on 10-5/eV Local Density of States (LDOS) cutoff value. Mulliken
population analysis shows the atomic charge distribution for (c) bulk CdTe and (d) CdTe
(110)/(100) grain boundary.

Therefore, it is important to understand the character of the defect states to comprehend

the various electronic features observed in the energy band alignment diagram of bare/alloyed

CdTe(110)/(100) grain boundaries. Based on 10-5/eV LDOS cutoff value, existing defect

states (indicated by green lines in Figure 5 (b)) were algorithmically determined with respect

to energy and localized position (in transverse z-direction) in the energy band alignment

diagrams. Since the origin of these sub bandgap defect states is due to variation in the

atomic charges, it was theorized that the characteristics of these defect states could be
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Figure 6: Energy band alignment diagram of the (a) ClTe CdTe (110)/(100) grain boundary
(b) SeTe CdTe (110)/(100) grain boundary and (c) SeTe + ClTe CdTe (110)/(100) grain
boundary along with their respective mapped defect states based on 10-5/eV LDOS cutoff
value. The top arrow indicates the grain boundary plane. Mulliken population analysis
further shows the atomic charge distribution for (d) ClTe CdTe (110)/(100) grain boundary
(e) SeTe CdTe (110)/(100) grain boundary and (f) SeTe + ClTe CdTe (110)/(100) grain
boundary.
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Figure 7: Density of defect state with respect to the transverse z-direction for bare, ClTe,
and SeTe + ClTe alloyed CdTe (110)/(100) grain boundary.

directly determined by summing the charges on the atoms contributing to the existence of

these defect states. If the net charge on atoms contributing to a particular defect state was

found to be positive/negative, that state would be classified as a donor/acceptor state.

In regards to this, clusters of the defect states existing near different energy band align-

ment features were identified and the ones having highest LDOS value were analyzed to deter-

mine their respective character. For example, for the bare CdTe(110)/(100) grain boundary

in Figure 5 (b), two groups of defect states near the Ecusp and Edip energy potentials were

identified. From the defect state group near the Ecusp energy potential, two defect states
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with highest LDOS values at Edefect1 = -0.118 eV (LDOS = 0.17136 eV-1) and Edefect2 = 0

eV (LDOS = 0.02385 eV-1) were selected for further analysis. Using the data generated after

mapping the localized positions of the defect states, Edefect1 extended from zstart = 144.11

Å to zend = 187.92 Å in the transverse z-direction. Using the Mulliken population plot in

Figure 5 (d), it was found that a total of 74 atoms with a net -1.27 electronic charge was

associated with Edefect1 across the specified spatial range. Likewise, defect state 2 (Edefect2 =

0 eV) was located from zstart = 148.80 Å to zend = 196.21 Å with a total of 88 atoms having

a net -1.26 electronic charge contributing to its existence. Since, the net electronic charge on

the atoms contributing to the defect state 1 and defect state 2 were negative, both of these

defect states were classified as acceptor states.

Similarly, from the other group of defect states above the Edip energy potential, two defect

states with highest LDOS value at Edefect3 = 0.362 eV (LDOS = 0.05402 eV-1) and Edefect4

= 0.531 eV (LDOS = 0.69080 eV-1) were analyzed. Defect state 3 (Edefect3 = 0.362 eV) was

located from zstart = 155.83 Å to zend = 255.86 Å with a total of 180 atoms having a net

+0.45 electronic charge. Likewise, defect state 4 (Edefect4 = 0.531 eV) was located from zstart

= 148.80 Å to zend = 298.94 Å with a total of 272 atoms having a net +1.33 electronic charge.

Since, the net electronic charge on the atoms contributing to the defect state 3 and defect

state 4 were positive, these defect states were classified as donor states. Table 3 summarizes

the analysis of various defect states for bare CdTe(110)/(100) grain boundary. Based on the

above analysis, it could be deduced that the cluster of defect states above the Ecusp energy

potential would be acceptor states (labeled with white circle in Figure 5 (b)) and the ones

above the Edip energy potential would be donor states (labeled with yellow circle in Figure 5

(b)). Furthermore, these donor and acceptor states were classified as deep level defect states

as they were found in the mid bandgap region for the bare CdTe grain boundary model.

To understand the effect of alloying elements on the defect states, similar analyses were

performed on the Se and Cl alloyed CdTe(110)/(100) grain boundary models. It was observed

that the presence of ClTe at the grain boundary leads to emergence of high density of deep
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level donor states (see Figure 6 (a)) below the Fermi level. However, acceptor type defect

states were found near the VBM indicating the presence of shallow level acceptor states. This

implies that passivating the grain boundaries with ClTe eliminates the deep level acceptor

defect states (found in the bare grain boundary) but introduces high density of deep level

donor states.

The defect state analysis for SeTe alloyed CdTe grain boundary indicated a lower deep

level acceptor state density (see Figure 6 (b)) than the bare CdTe grain boundary case. In

addition to that, the high density of both shallow and deep level donor states were found

to exist above the Fermi level. However, alloying the grain boundary with SeTe + ClTe

revealed the exclusive presence of donor defect states. The model indicates that SeTe + ClTe

completely passivates the acceptor defects present in either of the bare, ClTe or SeTe alloyed

CdTe grain boundaries (see Figure 6 (c)). Table 3 summarizes the analysis of various defect

states for the alloyed CdTe(110)/(100) grain boundary.

It is also important to note here that this work doesn’t attempt to relate Mulliken popu-

lation charge to the defect charge rather utilizes Mulliken population charge to identify the

nature of defect states. Mulliken population charge on atoms consists of complex interactions

between the electronic wavefunctions that forms defect states with different defect charge

values. Therefore, establishing a relationship between the Mulliken population charge to the

defect charge is complicated and is beyond the scope of the current work.

Effect of defect states on the energy band alignment diagram

As described before, the presence of defect states have certain implications on the energy

band alignment diagrams. Previous literature reports have shown that high density of

donor/acceptor states creates a dip/cusp energy potential in the VBM.25,26 Similar effects

were observed in the bare and alloyed CdTe grain boundaries. It was consistently found that

the presence of donor defect states begin near the CBM and extends down toward the mid

bandgap region. This would facilitate the donation of minority electron charge carriers to

17



Table 3: Summary of the analysis of defect states for the bare and alloyed CdTe(110)/(100)
grain boundary.

Alloy Edefect (eV) LDOS (eV-1) zstart (Å) zend (Å) Natoms M.P. charge (e-) Defect State

-0.118 0.17136 144.11 187.92 74 -1.27 Acceptor
0 0.02385 148.80 196.21 88 -1.26 Acceptor

Bare +0.362 0.05402 155.83 255.86 180 +0.45 Donor
+0.531 0.69080 148.80 298.94 272 +1.33 Donor

-1.25 0.01599 167.82 187.69 25 -0.38 Acceptor
-1.23 0.12646 169.60 194.32 45 -0.40 Acceptor

ClTe -1.11 0.14756 146.46 191.00 80 -1.26 Acceptor
-0.293 0.32214 148.80 205.91 103 +1.32 Donor

-0.768 0.23196 137.16 205.32 120 -1.24 Acceptor
-0.056 0.03154 162.52 186.99 45 -2.21 Acceptor

SeTe +0.037 0.21187 151.17 245.50 171 +1.38 Donor
+0.55 1.40320 185.32 262.07 140 +2.59 Donor

-1.46 0.00033 201.66 214.99 23 +0.009 Weak Donor
-0.356 0.37712 141.76 202.98 108 +0.556 Donor

SeTe + ClTe -0.068 0.01023 148.88 189.75 73 +1.41 Donor
+0.181 1.57267 137.16 228.24 164 +0.44 Donor

the CBM by the donor states and would make them positively charged. The presence of

positively charged donor defect states in the bandgap region would further cause a repulsive

field for hole charge carriers and create a barrier (dip energy potential) in the VBM. This

further explains the existence of donor defect states above the Edip energy potential in the

bare and alloyed CdTe grain boundaries (Figure 5 and 6).

Similarly, the acceptor states begin near the VBM and protude into the bandgap region.

The shallower acceptor states would gain an electron from the VBM and create hole charge

carriers. This would generate an attractive electric field for the hole charge carriers and

bends the VBM up toward the acceptor defect states leading to formation of cusp electric
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potentials (Ecusp) in the VBM. Such a trend was observed in all the grain boundary cases

where acceptor states were found to exist above the VBM (see Figure 5 (b) and 6 (b)). For

the Cl alloyed CdTe grain boundary (Figure 6 (a)), since the density of acceptor was not

high, a small cusp like feature in the VBM near the acceptor states was observed instead of

a high energy cusp potential. This further confirms the fact that, however small but VBM

always bends up in the vicinity of the acceptor states and bends down in vicinity of the

donor states. A similar conclusion is found for how donor/ acceptor states influence the

band bending direction in the CBM. Such an approach to understand the impact of defect

states on the energy band alignment behavior reinforces the Mulliken population analysis

results that were used to characterize the defect states.

Discussion

The atomistic modeling of the bare and alloyed CdTe(110)/(100) grain boundary gives in-

sight into the effect of the selenium and chlorine elements on the grain boundary electronic

properties. The electronic properties of the bare, ClTe, and SeTe + ClTe alloyed CdTe grain

boundary models could provide major insights into the performance of the untreated CdTe,

CdCl2-treated CdTe, and CdCl2-treated CdSeTe/CdTe PV devices. It is a known fact that

occupation probability of a defect state depends on its energy position (Edef) relative to the

Fermi level (Ef). It has been shown previously that the occupation probability of a defect

state (P(Edef - Ef)) could be determined as:26

P (Edef − Ef) = 1, Edef < Ef (2)

P (Edef − Ef) = 0, Edef > Ef (3)

In regards to the defect states, equation 2 and equation 3 states that donor(acceptor)

state above(below) the Fermi level contain positive(negative) charge.25 As has been discussed
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before, for the bare CdTe grain boundary case (Figure 5 (b)), the donor states above the

Fermi level will be positively charged while the acceptor states will be negatively charged.

Moreover, these states are in the close vicinity and therefore have a high probability of

charge carrier recombination. Apart from that, a positive Epeak value (see table 2) in the

CBM creates an electron reflector type effect and Edip (see table 2) energy potential in the

VBM creates a barrier for hole charge carriers. Therefore, the high probability of charge

recombination at the grain boundary and transport barrier of the minority electron charge

carriers (assuming p-type CdTe absorber) at the grain boundary should limit the device

performance of untreated CdTe solar cells.

However, as described before, the ClTe alloying of the CdTe grain boundary passivates the

deep level acceptor states but induces high density of donor states. In one of the literature

report, Mhirech et al. showed that the existence of high density donor states leads to an

inversion at the interface and is beneficial for extracting the minority charge carriers.26

Similar effects were observed for the ClTe alloyed CdTe grain boundary in this study. The

presence of high density of donor states leads to a negative Epeak energy potential in the CBM

and a high Edip energy potential in the VBM (see table 2). This implies that both the CBM

and VBM bend downwards causing an n-type inversion (from a p-type grain interior) at the

grain boundary. Due to this inversion, minority electron charge carriers would be attracted

toward the grain boundary while majority charge carriers would be repelled, leading to better

charge carrier extraction. Moreover, the presence of shallower acceptor defect states further

reduces the recombination in the ClTe alloyed CdTe grain boundary. Such low recombination

and a better minority charge carrier collection in the CdCl2-treated CdTe PV devices should

improve the open circuit voltage and short-circuit current density as observed in Figure 2.

The SeTe + ClTe alloying of CdTe grain boundary passivates both the deep and shallow

level acceptor states found in the respective bare and ClTe alloyed of CdTe grain boundary.

The high density of donor states maintains the inversion at the grain boundary, again allowing

for a better minority electron charge carrier collection. This would further reduce the charge
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recombination (compared to the ClTe alloyed CdTe grain boundary) and increase the minority

charge carrier lifetime for CdSeTe/CdTe PV devices. In past, Guo et al. has made similar

observations, where minority carrier lifetime of 6.3 ns was measured for the SeTe + ClTe

alloyed CdTe absorber in comparison to 1 ns lifetime obtained for the pure CdTe layer.14

The low charge carrier recombination and improved minority charge carrier lifetime should

further promote higher open circuit voltages in CdCl2-treated CdSeTe/CdTe PV devices

(see Figure 2 (a)). The presence of the lower bandgap CdSeTe material also leads to higher

short-circuit current values (see Figure 2 (b)), thereby improving the PV device efficiencies

beyond 18%.

It is important to note that the overall efficiency improvements due to SeTe + ClTe

alloying of CdTe absorber would also depend on the potentials created due to other grain

boundary defects, grain size, interfaces created due to various front and back contacts, and

bulk properties of the absorber. Li et al. in previous study showed that electrostatic field

created due to the presence of ClTe leads to n-type inversion and could be generalized for

any random CdTe grain boundary.12 Although, this is expected to hold true with respect to

the energy band alignment results, a detailed systematic study is required to understand the

passivating effect of SeTe + ClTe atoms on the symmetric and random CdTe grain boundary

orientation. Such an investigation using the methodologies presented in the current study

would lead to a set of quantified defect parameters for various CdTe grain boundaries. These

quantified defect parameters for diverse grain boundaries could be further utilized in 2D/3D

device models to validate the experimental performance. Overall, the current study provides

useful insights into the quantification and nature of the defect states, whose understanding

could further enhance the performance of the CdTe solar cells.
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Conclusion

In summary, we compare the device performance parameters of the untreated CdTe, CdCl2-

treated CdTe, and CdCl2-treated CdSeTe/CdTe PV devices. Nano-SIMS characterization of

highly efficient CdSeTe/CdTe devices reveals the elemental distribution of the selenium and

chlorine atoms. While chlorine was found to be concentrated in the CdTe grain boundaries,

selenium atoms were found to diffuse into CdTe grains via the grain boundary regions. The

surface EBSD analysis of the CdTe film showed various grain orientations forming distinct

grain boundary regions from which a random CdTe(110)/(100) grain boundary was chosen

for the atomistic modeling. Various CdTe(110)/(100) grain boundary models including the

bare, ClTe, and SeTe + ClTe alloyed CdTe grain boundary were simulated. The energy

band alignment and the defect state properties evaluated using DFT calculations aids in

deducing the mechanism for highly efficient CdSeTe/CdTe absorber based PV devices. The

presence of selenium and chlorine alloying atoms passivates the acceptor level defect states

and induces high density of donor states. The passivation of acceptor defect states reduces

the recombination while the high density donor states leads to n-type inversion at the grain

boundary. The inversion from p-type grain interior to n-type grain boundary enhances the

minority charge carrier collection, leading to a higher open-circuit voltage and short-circuit

current density observed in highly efficient CdSeTe/CdTe PV devices.

Methods

Cell fabrication and nano-SIMS characterization Photovoltaic devices with two

CdTe and one CdSeTe/CdTe p-type absorbers were fabricated using an in-line sublimation

system described by Swanson et al .27 20 small area ∼ 0.65 cm2 research devices were fabri-

cated on NSG Pilkington TEC10 soda lime glass using the methods described by Munshit et

al .1,2 The electrical measurements were performed after calibrating the Current-density and

device area for each set of measurement to cells measured by National Renewable Energy
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Laboratory (NREL). For the nano-SIMS characterization, a region of the back surface of

the absorber layer (i.e. in the CdTe part of the absorber, near the back contact) was first

polished with a Xe ion beam to remove surface roughness and prepare the samples for SIMS

measurements. NanoSIMS measurements were then performed on the polished region using

the methods described by Fiducia et al .20

Computational details CdTe(110)/(100) grain boundary model was simulated using the

QuantumATK P-2019.03 software tool.28 The pseudopotential, basis sets and other modeling

parameters for Cd, Se, Te and Cl atoms were chosen from the earlier studies performed by

Shah et al.15,22 All the simulation utilized Perdew-Zunger form of Local Density Approxima-

tion (LDA-1/2)29 exchange correlation functional for the self-consistent calculations30 with

6x6x150 k-point sampling for CdTe grain boundary two-probe device simulations (schematic

shown in Figure 4 (c)).
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