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ABSTRACT

DENSITY FUNCTIONAL THEORY AND GREEN’S FUNCTION APPROACH TO

INVESTIGATE CADMIUM TELLURIDE BASED THIN FILM PHOTOVOLTAICS

In recent years, cadmium telluride (CdTe) based thin film photovoltaics (PV) have exhibited

remarkable improvements in overall efficiency and device performance. As the most notable thin

film PV technology, CdTe PV is developed and manufactured in the U.S. as the leading cost-

competitive option for electricity generation in comparison to other PV technologies such as sili-

con and CIGS PV. However, CdTe PV faces major challenges that limit its achievable performance

during the solar energy conversion process. It has become increasingly evident that to improve

PV efficiency, an understanding of surfaces and interfaces is necessary. Therefore, high-fidelity

quantum-based atomistic simulations will be used to calculate energy band alignment of CdTe

thin film surfaces and interfaces to resolve the issues found in such problematic areas and advance

PV efficiency. Ab initio simulation models will implement density functional theory (DFT) cou-

pled with Green‘s function (GF) for investigating the electronic and structural properties of thin

film surfaces and interfaces within CdTe PV device configurations. Comprehensive studies on

spatially-dependent energy band alignments with respect to plane orientation, terminated surfaces,

carrier concentrations and elemental composition were computationally evaluated to determine

their possible effect on CdTe solar cell device performance. A total of 14 unique CdTe-based sur-

faces and 3 different CdTe/Te interfaces were simulated to determine their effect on energy band

alignment. A number of key insights were gained that include: 1) the band bending directions

dictated by the termination layer based on surface theory; 2) the role of surface reconstruction in

flattening the CdTe surface energy band alignments while neutralizing surface states due to the

fulfillment of the electron counting rule; 3) the formation of a cusp energy potential feature along

the CdTe{111} plane oriented energy band alignments as observed by external literature studies
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within the CdTe/Te interface. Results to date indicate that the DFT+GF atomistic modeling ap-

proach to constructing energy band alignments matches closer to experiments than conventional

band alignment methods. State-of-the-art DFT+GF calculations on CdTe-based thin film surfaces

and interfaces provide a methodology for studying quantum mechanical effects in thin film PV

devices such as high-efficiency single junction CdTe solar cells and tandem solar cells.
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Chapter 1

Introduction

Energy sustainability constitutes one of the grand challenges facing modern society. The en-

ergy generated from fossil fuels and other environmentally harmful sources are not considered

sustainable options. That is why various sustainable energy systems are being investigated and de-

veloped to determine which ones are easily accessible, abundant and affordable while at the same

time minimizing their environmental impact. This does not limit the energy demands associated

with the possible options to only affluent populations. Rather, energy demands should be addressed

for both developed and developing countries across the globe. One suitable candidate that meets

the crucial standards for energy sustainability is solar renewable energy.

In recent years, solar renewable energy generated by photovoltaic (PV) systems has manifested

itself as an essential contributor to the initiative for global-scale electricity generation. The Sun is

an abundant energy resource with enormous harnessing potential, ideally suited to meet all con-

sumer energy demands. It has been estimated that the Sun provides enough energy on Earth for

the entire annual global energy consumption in approximately one hour. Despite such a promis-

ing energy source, the greatest issue has been to develop optimized PV technologies capable of

harnessing a majority of the incoming energy from the Sun and efficiently convert it into useful en-

ergy. Much effort in the 20th and 21st centuries has focused on addressing the limitations in solar

energy conversion efficiency, which has led to remarkable improvements in solar energy technolo-

gies. Today, the solar energy industry continues to make new efficiency breakthroughs and develop

innovative processes that advance existing PV technologies while paving the way for new ones.

Substantial growth in the production and deployment of PV systems suggest that solar renew-

able energy will continue to be economically feasible for years to come. Current PV installations

due to manufacturing-scale implementations have significantly decreased the cost of PV electricity

generation. As a result, general forecasts for new PV installation capacity reveal that more than 100

Gigawatts (GW) were installed in 2018 [1, 2] and are expected to increase through 2023 as shown

1



Figure 1.1: Newly installed PV capacity on an annual basis with actual data extending up to 2017. Projected
forecasts from 2018 to 2023 are also included (taken from [5]);

in Figure 1.1. Another report in 2017 has shown a continuous declination of the unsubsidized

levelized cost of energy (LCOE) prices as low as $0.04 per Kilowatt-Hour (kWh) for utility-scale

solar technologies [3]. In terms of future growth, PV global capacity is projected to reach nearly

10 Terawatts (TW) by 2030 while achieving upwards of 30 to 70 TW by 2050 [4]. The future

outlook for PV technologies is not merely a conceptualized idea but rather a proven result from the

current trends demonstrated within the PV energy market.

The very low environmental impact and increased accessibility of PV technologies further in-

dicate how solar renewable energy can improve the quality and standard of living in various ways.

The environmental life-cycle assessment between PV and conventional energy systems reveals that

PV produces significantly less greenhouse gas emissions, toxic emissions and heavy metal emis-

sions than conventional power generation technologies [6]. Furthermore, strategic assessments

such as the SunShot initiative developed by the U.S. Department of Energy (DOE) show the envi-

ronmental and health benefits stemming from PV installations in the U.S. [7] Lastly, the modular

design of PV technologies allow it to be deployed and operated in a range of locations and cli-

mate conditions that are not easily accessible. It is evident that PV systems ensure the health and

environmental safety of energy consumers while facilitating their accessibility to energy resources.

Solar PV is redefining the standards for electricity generation throughout the planet. As an

abundant and clean renewable energy source, PV will continue to see significant growth in the
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energy market. The vast economic and environmental benefits demonstrated by PV technolo-

gies confirm the viability of solar renewable energy as a promising energy contributor worldwide.

However, very few PV technologies have consistently maintained good efficiencies, developed

achievable goals for increased device performance, and expanded their production to utility-scale

sizes. One specific PV technology that successfully addresses these requirements while fulfilling

the electricity generation demands is known as cadmium telluride (CdTe) based thin film PV. The

overall purpose of this work is to explore important details within CdTe thin film PV devices that

will further improve its usage as a leading PV technology for electricity generation.

1.1 Cadmium Telluride Thin Film PV

1.1.1 A Present Glance

Thin film PV technologies incorporating the CdTe semiconductor compound have proven to

be advantageous for a number of reasons that include: 1) lower utility-scale production cost [3],

2) exceptional reliability compared to other solar cell materials such as crystalline silicon [8],

3) reduced environmental impacts throughout its entire life-cycle process [6], and 4) increased

module efficiency from 9 to 18% within the last decade [9]. As shown in Figure 1.2, CdTe PV is

economically competitive in relation to fossil fuels with a LCOE between $0.03 and $0.06/kWh

as projected by the most notable CdTe manufacturing company First Solar Inc. (FSLR) [10].

FSLR alone by 2018 has installed more than 17 GW of solar capacity worldwide and characterizes

how quickly the solar technology is expanding. CdTe PV is also among the few PV technologies

exhibiting well-behaved long-term power generation performance within climate zones that have

high potential to degrade them [8, 11]. The recent success seen in CdTe PV is now enabling

new ways to explore innovative system solutions such as economically advantageous building

integrated PV systems [12] and solar mobility within the transportation sector [1]. From the few

highlighted points, it is evident that CdTe thin film PV is a cost competitive technology and viable

solution for energy sustainability.
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Figure 1.2: LCOE for utility-scale CdTe PV (FSLR) in comparison to fossil fuel electricity costs (data taken
from [3, 10]).

A well-established and repeatable process is necessary for each thin film layer incorporated in

the CdTe PV device to work together as intended. CdTe solar cell fabrication processes have devel-

oped over time to include sequential deposition of layers, passivation treatments, post-annealing,

doping, and contacting that yield rapidly increasing CdTe cell efficiencies [13]. The typical

research-grade CdTe solar cell structure includes a glass superstrate with a transparent conduc-

tive oxide, window layer, p-type CdTe absorber layer, and a back electrode for completing the

device. Arguably the most important step to the fabrication process is the cadmium chloride pas-

sivation treatment since without it the CdTe device efficiency is severely compromised [14–17].

Other notable additions such as the replacement of the cadmium sulfide window layer with a mag-

nesium zinc oxide (MZO) buffer layer [18, 19] and the use of a tellurium back-contact have led

to further CdTe PV device improvements as well. An example of a typical CdTe PV device con-
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figuration, but certainly not the most optimized device structure to-date, is provided in Figure 1.3.

Advancements to CdTe PV technology have led to the highest recorded CdTe efficiency of 22.1%

achieved by FSLR [20]. At Colorado State University, thin film CdTe-based PV device efficiencies

of 19.2% have been achieved and are the highest outside of FSLR. However, there still remains to

be seen much improvement to the CdTe device performance as predicted by the upper theoretical

CdTe efficiency of ~32-33% derived from the Shockley-Queisser limit [21]. Several limitations

throughout the CdTe PV device are currently being addressed in the CdTe solar community in an

effort to optimize the device structure. A brief description follows on the initiative for higher thin

film CdTe PV efficiencies.

Figure 1.3: Illustration of a typical CdTe PV device superstrate configuration (not to scale).

1.1.2 Research Initiatives

The general PV community has developed technological roadmaps that evaluate the challenges

in solar renewable energy while identifying possible solutions to progress the technology. One

major initiative for developing solar energy capacity in the U.S. is known as the DOE SunShot
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goal. With CdTe PV being one of the primary technologies leading the DOE SunShot goal, it

has become crucial for researchers to find ways to enhance CdTe PV device efficiencies. A survey

published in 2018 by DOE’s Office of Energy Efficiency & Renewable Energy [22] reports multiple

technical challenges that need to be addressed within the CdTe-based PV technology. The scope

of these challenges focuses on various functional areas throughout the solar cell such as absorbers,

defects, surface passivation and interfaces. Much progress has been made on absorbers with the

implementation of CdSexTe1-x layers for higher current collection [23, 24] and promising group

V dopants such as arsenic [25, 26]. As the overall bulk characteristics of CdTe-based solar cells

improve, surface passivation and interfacial behaviors are expected to play a greater role in the

journey toward CdTe PV efficiencies greater than 25% [27].

Surfaces and interfaces are both complex and interesting regions that can easily influence the

overall CdTe efficiency. The electronic properties seen in both areas often dictate the semiconduc-

tor device physics within the CdTe PV device. However, a detailed description of the mechanisms

causing such losses within surfaces and interfaces are not completely understood. The DOE survey

has categorized several key, yet under-utilized, computational techniques that are expected to aid

in the understanding of the science and engineering behind PV surfaces and interfaces. Among

them is atomistic modeling, a high-fidelity computational technique directly applicable to many of

the problem areas outlined in the DOE survey. Atomistic modeling based on quantum mechanics

enables are more accurate description of electronic features such as energy band alignment within

CdTe PV surfaces and interfaces. Energy band alignment in CdTe solar cells is of upmost impor-

tance for interpreting and predicting how devices will behave under certain conditions. That is why

the use of atomistic modeling to calculate energy band alignments is essential to the advancement

of solar energy technologies within the PV research community and industry as a whole.

1.2 Theoretical Energy Band Alignment in CdTe PV

The overall device performance of PV technologies is dependent upon the electronic and struc-

tural properties that make up the energy band alignment diagram throughout the entire device. The
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energy band alignment governs the charge transport phenomena seen in thin film heterostructures,

so it is essential that the physical concepts encompassing band alignment construction are accu-

rately described across the thin film regions. Solid state physics states that since there are a large

number of atoms in the thin film layer, the small interatomic distances between atoms relative to

the spatial extensions of their discrete energy levels leads to interactions of the energy states. These

interactions of states eventually “split” into allowed energy bands with a forbidden energy zone in

between so as to obey the Pauli exclusion principle [28]. In semiconductor materials, the resulting

forbidden energy region where no electrons can exist due to splitting of the bands is called the band

gap. The valence band (VB) denotes an allowed energy band that contains all valence electrons

at T = 0 K. The conduction band (CB) describes the allowed energy band where electrons can go

when they are thermally excited (T > 0 K) at an energy greater than the band gap energy width.

The energy band alignment of interfaces developed between two dissimilar thin film layers

becomes quite a unique challenge as there are many complex characteristics involved at the junc-

tion. A number of theoretical band alignment models have been conceived over the years [29], one

of which being the most commonly used known as the Anderson Rule [30] or Electron Affinity

Rule [31]. The Anderson Rule conceptualizes the idea that the band alignment is determined by

the electron affinity χ (or work function if the material is a metal) of both layers as referenced from

vacuum level. The electron affinities can be used to determine the conduction band offset ∆EC

and is given as:

∆EC = q (χ2 − χ1) (1.1)

where q is simply the electronic charge. As long as the band gaps Eg1 and Eg2 are known, then

construction of the band alignment at the interface obeys the following simple relation expressed

in (1.2):

∆Eg = ∆EC +∆EV (1.2)
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where ∆Eg and ∆EV are the differences in band gap as well as the valence band offset between

the two layers. ∆EV can be thus easily calculated by the difference between ∆Eg and ∆EC .

Equation (1.2) is a simplistic attempt to construct a band diagram using only band offsets of the

materials but remains the common option for making energy band diagrams of heterostructures.

Before creating a band diagram at equilibrium via the Anderson Rule, an important concept

that relates to the occupancy of quantum states within the VB and CB needs to be included in

the equilibration process. The Fermi-Dirac probability function derived from statistical mechanics

defines the probability of finding an electron somewhere in the VB or CB and is dependent upon

the energy of the occupied state as well as the temperature of the system. The Fermi-Dirac function

for electrons in the case of non-degenerate semiconductors is defined as:

f0(E) =
1

1 + e(E−EF )/kBT
(1.3)

where EF is the Fermi level, kB is the Boltzmann constant, and T is temperature within the

semiconductor material. The Fermi level EF is the energy level at which the probability of an

electron occupying a quantum state is 1 at T = 0 K and 1/2 at T > 0 K. If two thin film layers are

semiconductors, then the Fermi level EF of each semiconductor (or more generally the chemical

potential µ [32] of the thin film layer) needs to be determined before the Anderson Rule can be

applied to the heterostructure. The Fermi level is influenced by p or n-type carrier concentrations

resulting from intrinsic or extrinsic (i.e. impurity doping) effects within the semiconductor layers

and thus change the Fermi-Dirac probability function.

Once all the important values above are obtained, the Anderson Rule then constructs the band

alignment in four steps [33]:

1. Place the band energy values of the thin film layers on a common vacuum level prior to

equilibration

2. Create a flat Fermi level joined between the two layers to denote the completion of equilib-

rium
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3. Adjust the band offset energy positions in relation to the doping ratio that exists between the

two layers

4. Connect the band edges of both layers starting with the majority carrier related band edges

first and then the remaining band edges

Figure 1.4 has been adapted from [33] and shows the steps in a schematic format for band

alignment of a CdTe absorber layer and a Te back contact layer. Using experimental band gap Eg

values for CdTe and Te of 1.49 and 0.33 eV, respectively [34], and a valence band offset ∆EV of

0.50 eV [33], the conduction band offset can be calculated with (1.2) to construct the theoretical

CdTe/Te band diagram.

Figure 1.4: Illustrated four step example of band alignment of a p-type CdTe absorber layer with a p+-type
Te back contact layer using experimental values to determine ∆Eg, ∆EC , and ∆EV (adapted from [33]).

Despite the popular use of the Anderson Rule, the simplistic assumptions found within it cause

major drawbacks at the interfacial regions. The limitations present in the Anderson Rule include

the absence of chemical inter-mixing and charge-dependent effects at the interface. Furthermore,

there is no suitable description for how plane orientations and terminated surfaces of the layers

affect band alignment. In addition, the Anderson Rule cannot provide a complex description of

defects (bulk and/or interface) residing in the thin film layers. In terms of surfaces, the Anderson
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Rule is incapable of describing the surface band alignment as there is no “conduction band off-

set” that forms without a junction forming between two layers. Therefore, it is proposed that an

atomistic approach to calculating energy band alignment at surfaces and interfaces within CdTe

PV devices will satisfy the limitations seen in the Anderson Rule. The suggested computational

method for atomistic modeling will be based on Density Functional Theory (DFT) coupled with a

Green’s function formalism to investigate both the surface and interface regions (details on DFT

and Green’s function are looked at more extensively in Chapter 2). The following section will

provide a further description of the motivation behind this work.

1.3 Motivation

The proposed research topic addresses how to accurately determine energy band alignment

at the surfaces and interfaces of CdTe-based thin film PV devices using quantum-based atom-

istic modeling. As previously mentioned, the surfaces and interfaces remain some of the biggest

challenges and limitations of CdTe-based thin film PV. It is evident from the PV research com-

munity that atomistic modeling, being one of the top proposed computational techniques, should

be applied to PV research and development initiatives [22]. As the CdTe-based PV technologies

continue to decrease in size and increase in fabrication processing complexity, it is becoming more

essential to understand the atomic-scale features of thin film semiconductor device architectures.

The simplistic Anderson Rule is not equipped to fully describe the energy band alignment features

found at the surfaces and interfaces within CdTe PV. The current research work asserts the impor-

tance of atomistic modeling of surfaces and interfaces to accurately determine energy band align-

ment in CdTe-based thin film PV devices. Atomistic modeling using DFT coupled with Green’s

function will be the computational method of choice for evaluating the validity of the assertion.

1.3.1 Key Questions and Hypotheses

The aim of the research work is governed by four key questions pertaining to energy band

alignment of surfaces and interfaces in CdTe-based thin film PV devices. Each key question was
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chosen to ascertain the primary mechanisms influencing energy band alignment while providing

new details applicable to real-world problems in CdTe solar technologies:

1. How do the {111} and {100} plane orientations in CdTe thin film layers impact electronic

characteristics at the CdTe surface?

2. Which CdTe termination layers affect the defect density residing at the CdTe surface?

3. What does chlorine (Cl) and/or tellurium dioxide (TeO2) do to the surface states found on

CdTe terminated surfaces?

4. How will atomistic modeling of energy band alignment across the CdTe/Te interface look in

comparison to precursor surface models as well as band alignments predicted by the Ander-

son Rule?

Hypotheses were developed in relation to the key questions to describe the expected outcomes

with limited prior knowledge in atomistic modeling. Each hypothesis is provided in sequence with

its respective key question above as follows:

1. The CdTe{111} and {100} plane orientations will exhibit similar energy band alignment

profiles as they both terminate along a plane of the same atomic species (either Cd or Te).

2. The Cd-terminated CdTe surface will not have detrimental surface states present at the sur-

face but will cause the bands to bend downward according to surface theory. On the other

hand, Te is known to have dangling bonds, so atomistic modeling is expected to reflect the

same features by creating several surface electronic states at the surface while bending the

bands upward.

3. Chlorine is predicted to passivate the Te surface states due to its lower valency than Te.

The density of states within the band gap near the surface are expected to be reduced in

proportion to the amount of Cl concentration present at the CdTe surface. A native TeO2

layer is anticipated to further reduce the surface states in combination with Cl.
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4. The energy band alignment constructed from an atomistic modeling approach for the un-

relaxed and relaxed CdTe/Te interfaces will adopt similar band bending and defect state

features as calculated for the individual CdTe and Te surfaces. The interface region will

simply be a superposition of the original unrelaxed/relaxed CdTe and Te surfaces with any

additional charging effects that depends on termination layer (Cd or Te).

The four hypotheses will be systematically evaluated throughout the present study. It is ex-

pected that atomistic modeling will give a detailed description of the electronic features within

CdTe thin film PV surfaces and interfaces that the commonly used Anderson Rule cannot address.

1.3.2 Literature Survey

Literature published on CdTe using DFT have been extensively investigated for electronic

properties pertaining to bulk CdTe. One of the main goals for using DFT for bulk CdTe is to

reveal the complex characteristics within the CdTe electronic structure that offer insight into elec-

trical behaviors seen in the CdTe absorber layer of thin film PV devices. However, default func-

tional schemes within the DFT methods are not good descriptors of the band gap values seen in

experimental results (see Section 2.1.4). A number of studies show that the CdTe band gap values

obtained in DFT need to be in agreement with experimental measurements in order to accurately

define the electronic structure in semiconductors with localized electronic states [35–37]. Well-

defined electronic properties of the bulk semiconductor material are essential to problems that

incorporate surfaces or interfacial effects using ab initio methods.

DFT simulations on point defect formations in the CdTe absorber layer have found a series

of intrinsic defects that involve vacancies, substitutions of antisites and interstitials of the Cd and

Te species for Te-rich and Cd-rich p-type CdTe layers [38–42]. The calculated transition energy

levels of the point defects explain why certain defect states are detrimental to CdTe devices. Point

defects often lead to recombination paths where an electron in the CB is relaxed to the defect

energy level and then again relax to the VB to recombine with a hole, known as Shockley-Read-

Hall recombination. DFT-based studies on self-compensation and pair complexes involving copper
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and/or chlorine atoms during doping and passivation of CdTe have suggested plausible mechanisms

that mitigate issues caused by point defects [43,44]. Experimental studies within the DFT literature

have supported the conclusions found in DFT calculated defect formation and self-compensation

in CdTe. It is evident that DFT has been useful in providing further insights on issues in bulk CdTe.

By extension, some DFT studies have looked at defects that exist at the CdTe grain bound-

aries (GB) [39, 41]. One common feature amongst the studies is that Te atoms cause deep energy

level defects along certain GB orientations due to their dangling bonds. The passivation of such

detrimental Te atoms has been shown clean up the defects in ways that improve the device perfor-

mance. The conclusions obtained from the study of CdTe GBs suggest the importance for chemical

passivation treatments of the GBs during the CdTe device fabrication process.

In recent years, a shift toward studying surfaces and interfaces is becoming prominent in the

CdTe PV research community as both are essential for the advancement of CdTe PV technologies.

In terms of surfaces, various DFT studies along certain CdTe plane orientations have primarily

focused on the likelihood for the formation of surface reconstructions [45–48] and adatom diffusion

[49, 50]. As for CdTe-based interfaces, studies have sparsingly investigated topics ranging from

Schottky barrier heights between CdTe/metal interfaces [51] to heterojunctions created between

the p-type CdTe absorber layer and metal chalcogenide layers [52, 53]. The underlying trait that

these studies have in common is that the electronic properties associated with band alignment

differ between the interface and the bulk, which result from the calculated surface and interface

defect states. From the brief literature review, the following statement is clearly evident: electronic

properties found at the interface in CdTe-based PV devices cannot be accurately determined a

priori with the Anderson Rule and must be calculated using an atomistic modeling approach.

1.3.3 Methodology

In this work, atomistic simulation models based on DFT coupled with Green’s function (GF)

will be developed to capture the structural and electronic phenomena in relevant CdTe-based sur-
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faces and interfaces. The ab initio framework will enhance the fundamental understanding of

energy band alignment in ways that are not possible from the Anderson Rule.

The ab initio modeling software chosen to perform all DFT+GF simulations will be Quantu-

mATK. QuantumATK is a commercial software developed by employees under Synopsys Den-

mark that contains an integrated set of computational modeling tools for electronic structure cal-

culations. The reason for choosing the QuantumATK software is primarily because the software

platform is specifically developed to provide a state-of-the-art and user-friendly simulation pack-

age that consists of atomic modeling techniques suitable for the investigation of surfaces and in-

terfaces [54]. Synopsys Denmark consists of development and support teams that maintain the

functionality of QuantumATK while progressively enhancing the software capabilities for various

applications that include solar cell technologies [55].

The complexity of the problems within the current work require suitable computational hard-

ware to efficiently solve. Thus, high performance computing resources on the Rocky Mountain

Advanced Computing Consortium (RMACC) Summit cluster [56], provided by the University of

Colorado Research Computing organization, has been utilized as the main tool for DFT+GF sim-

ulations of surfaces and interfaces. Parallelization within the QuantumATK platform has been

executed for decreasing the computational time necessary to converge simulations. However, care-

ful planning on the modeling system size and parameters have been evaluated beforehand to ensure

the computational efficiency and accuracy of the calculations.

A firm understanding of the concepts involved in DFT as well as a systematic procedure for

obtaining the electronic bulk properties of CdTe with DFT needs to be established prior to in-

vestigating the main problems identified in the research. Chapter 2 elaborates on the fundamental

background of DFT as evidence of knowledge gained in quantum-based atomistic modeling and its

applicability to the research questions listed in Section 1.3.1. The chapter also includes converged

DFT results for the electronic properties of CdTe that include band gap and are later used for the

surface and interface atomic models.
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In relation to the four key questions, the CdTe surface and CdTe/Te interface have been in-

vestigated to extract the detailed features of the energy band alignment for each modeling case.

Chapter 3 evaluates the theoretical understanding of surfaces and verifies the capabilities of the

QuantumATK software to determine complex CdTe surface features not included in the theoretical

models. The simulation modeling cases are categorized by plane orientation (i.e. CdTe{100} and

CdTe{111}), terminated surface (i.e. Cd and Te), surface relaxation and stable reconstructions

within a given plane orientation to systematically verify the first two hypotheses. Additionally, the

impact from Cl and TeO2 formation on the CdTe surface band alignment is studied to confirm or

negate the third hypothesis in the work.

Chapter 4 involves the validation of the fourth hypothesis in regards to energy band alignment

within the CdTe/Te interface. An extension of the first and second key questions on the effect of

plane orientation and termination layer will also be investigated at the CdTe/Te interface. Most

importantly, the interface calculations will be compared to the original CdTe surface calculations

to answer the final key question of the research effort. The main reason for choosing the CdTe/Te

interface is the wealth of accessible experimental results at the selected interfacial region. Sec-

ondly, atomistic modeling of CdTe/Te is expected to provide insights on why a Te back contact has

shown dramatic improvements in CdTe PV device performance. Both the outlined hypotheses and

unknown mechanism for improved charge transport at the CdTe/Te interface make a compelling

scenario for studying such an important region in CdTe PV.

A summary of results to date is provided in Chapter 5 to evaluate how current results either

approve or disprove the hypotheses. Future work is proposed in the chapter to consider how com-

putationally derived energy band alignments from DFT+GF can be implemented in synergistically

driven research initiatives that predict CdTe PV device performance.

The current work on surface and interface simulations of CdTe PV devices is at the forefront of

interfacial exploration using quantum-based computational methods. It is our expectation that the

current ab initio framework of CdTe surfaces and interfaces will directly contribute to an efficient

and progressive development of optimized CdTe-based PV technologies.
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Chapter 2

Density Functional Theory Coupled with Green’s

Function

The atomistic modeling approach performed throughout this study enables the invesigation of

electronic and structural properties of CdTe-based thin film surfaces and interfaces. The DFT+GF

method is chosen to verify all hypotheses mentioned in Section 1.3.1 and ultimately reveal how

atomic-scale characteristics potentially affect CdTe solar cell device performance. The follow-

ing sections will briefly describe the details associated with the DFT computational scheme and

Green’s function formalism implemented for accurate descriptions of surfaces and interfaces. The

chapter will also provide simulated results for the bulk CdTe properties that are later used for the

more computationally advanced surface and interface calculations.

2.1 Density Functional Theory

DFT can be generally described as an ab initio method that accounts for quantum mechanical

effects to predict the electronic behavior of materials. More specifically, DFT calculates material

properties based on a first-principles derivation of the total ground-state energy of the system.

Computational results obtained from DFT have made it possible to study atomic-scale properties

without designing costly experimental setups to measure each system’s physical property [57]. In

combination with accuracy, DFT simulations converge to solutions relatively quick depending on

the available computational hardware used for the calculations. Even modest computer hardware

setups allow the user to explore various atomic-scale systems and their attributes with relatively

small computational time. This is especially advantageous for real-world applications that rely on

precise and insightful details of nanoscale features within the materials. DFT continues to prove its

feasibility as a high-fidelity simulation method not only for university research problems but also

for rapidly growing applications and technologies within areas such as the semiconductor industry.
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DFT is derived from the time-independent many-body Schrödinger equation [58] used to de-

scribe the fundamental quantum mechanical theory of materials (the terms found within each

equation from here onward are described in the preliminary pages under “LIST OF EQUATION

TERMS”):
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(2.1)

The labels above each component in (2.1) denote the energy term that contributes to the total

ground-state energy in the system. In its current form, the many-body Schrödinger equation is

practically impossible to solve in systems with elements other than hydrogen. That is why many

researchers have made diligent efforts to circumvent the issue of solving (2.1) by developing ap-

proximations that considerably simplify the calculations while maintaining accuracy. The general

approximations made for the Schrodinger equation are as follows:

1. Born-Oppenhemier approximation: According to the Born-Oppenheimer or clamped nuclei

approximation, the nuclei of the atoms are so heavy that they are considered immobile in

relation to the electrons. Thus, the nuclei kinetic energy term can be neglected and the

nuclei interaction can be simplified to a constant value.

2. Independent electron approximation: The many-body wavefunction cannot be computation-

ally solved due to the complexity of the eigenvalue problem. In order to remedy the issue, the

independent electrons approximation is applied so that the many-body wavefunction (Fig-

ure 2.1a) can be redefined to be a product of single-particle wavefunctions.

3. Mean-field approximation: The electron interaction is restored within the many-body system

using a mean-field approximation, which applies an averaged electrostatic potential defined
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in its energetic form, known as a “Hartree Potential” (VH(r)), to interact with each single-

electron (Figure 2.1b).

Figure 2.1: Schematic of the (a) complex many-body electron system, and (b) a single-particle representa-
tion of the many-body system where each single electron interacts with an averaged Hartree potential.

All major simplifications made to the Schrödinger equation lead to the well-known Kohn-

Sham (KS) representation of the single-particle wavefunctions. The KS formulation defines the

electronic system as a non-interacting electron gas that exists within an effective potential contain-

ing the classical electron-electron interactions VH(r), electron-ion and external interactions Vn(r),

and a newly introduced exchange-correlation potential Vxc(r) as shown below:

[

−
1

2
∇2 + VH(r) + Vn(r) + Vxc(r)

]

φi(r) = ǫiφi(r) (2.2)

where the potentials are defined at position r, φi is the single-particle wavefunction, and ǫi is the

ground-state energy for particle i. The summation of the ground-state eigenenergies ǫi will provide

the ground-state total energy EGS . The simple expression n(r) =
∑

i

|φi|
2 is used to calculate the

electron density n(r) throughout the modeling domain. The Hohenberg-Kohn theorem states that

the ground-state energy EGS of a many electron system is a functional of the electron density
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n(r) [58]. Thus EGS can be formally described as a functional of the electron density n(r) using

the KS formulation in (2.2) as the foundation to the DFT calculation:

EGS =
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where the first three terms account for the electron-nuclei interactions, electron kinetic energy,

and electron-electron interactions. The final term denoted as Exc[n] is the most important term for

quantum mechanical effects called the exchange-correlation energy. Exc[n] restores the “avoid-

ance criterion” in a many-body system linked to how an electron avoids another electron as they

each move throughout the electron density. The KS formulation is solved self-consistently (known

as self-consistent field (SCF) process) as shown in the upper part of Figure 2.2 by calculating the

electron density n(r) based on the solved eigenfunctions. The electron density is then used to solve

for the potential terms that give the ground-state energy EGS . This iterative loop continues until

the difference in total energies with respect to SCF steps is below the specified convergence thresh-

old. The KS representation now enables the DFT calculations to converge to accurate electronic

structures of atomic systems without the insurmountable complexity involved in the Schrödinger

equation.

The convergence process can be taken one step further by means of a force minimization pro-

cedure known as geometry optimization (GO). The force Fi = −dE[n]/dRi for each atomic site

I selected during the GO process is minimized via the L-BFGS optimizer algorithm within Quan-

tumATK. The GO process is illustrated in the lower part of Figure 2.2 as an iterative framework

similar to the SCF process above it. After the GO process has been converged at the specified

force threshold, the resulting electron density can be used to perform further analysis of the mate-

rial properties within the simulation domain. Throughout the CdTe surface and interface studies,

domains without and with GO were compared to evaluate how any atomic relaxation may change

the electronic characteristic at the regions of interest. Both the SCF and GO processes sustain the
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convergence behavior of the KS formulation so as to achieve an accurate ground-state electron

density. The following subsections will now briefly evaluate some of the terms involved in (2.2) as

well as how they contribute to the DFT methodology used in the present research study.

Figure 2.2: Schematic flowchart of the SCF process for solving the KS formulation.

2.1.1 Linear Combination of Atomic Orbitals Representation

The numerical procedure in a DFT calculation plays a crucial role in the reliability and scal-

ability of the model itself. One must ensure that the basis set used to describe the many-body

wavefunction adheres to a precise representation of the KS equation while minimizing the compu-
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tational demand required to model the system of interest. The development of Linear Combination

of Atomic Orbitals (LCAO) stems from the approach of creating well-defined basis functions that

are localized to a given region indicative of certain atomic orbitals [59]. Although Plane-Wave

(PW) based DFT remains the most popular form for calculating KS periodic systems, LCAO of-

fers several advantages over PW that make it a versatile representation for numerous simulation

cases. First, LCAO basis functions converge quickly since the localized nature of the basis make

the orbitals confined to regions where their interactions are expected. Strictly localized orbitals

avoid the numerical instabilities that PW suffers at shorter ranges (although this is remedied by

additional core electron descriptors such as pseudopotentials). As a result, the number of basis

functions required to describe the system is quite small in comparison to the PW basis. Secondly,

LCAO basis sets are well-suited for being used in non-periodic surface or interface calculations

when coupled with a Green’s Function formalism [60–63]. PW basis sets are restricted to periodic

systems, thus requiring a sufficiently large modeling domain perpendicular to the surface/interface

to properly converge the quantum mechanical features within that region. By extension, LCAO

DFT can be used for nonperiodic nonequilibrium conditions formed by finite voltage bias of elec-

trodes with differing chemical potentials [64].

LCAO Basis Sets

Efficiency and accuracy are a necessity in the basis that are incorporated in the LCAO-DFT

method for various simulation environments. In order to ensure the efficiency-accuracy dichotomy

[65], efforts by those using LCAO in the DFT community have developed optimized basis orbitals

for each atom in the periodic table. These basis orbitals are centered around the atoms and summed

together to self-consistently calculate the electronic structures of materials. Electronic eigenstates

φi are expanded as a linear combination of atomic-like states in the form of orbitals. These states

make up the LCAO basis sets used to solve for the total ground-state energy EGS in (2.3). The

following equation format describes the LCAO representation in its index form:

φInlm(r) = RInl(|rI|)Ylm(r̂I) (2.4)
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where RInl(|rI|) and Ylm(r̂I) denote the radial part and spherical harmonics part of the LCAO

basis, respectively. The subscripts n, l, and m are the respective principle, angular, and magnetic

quantum numbers associated with the basis set of a given atomic site I in the system. Both the

radial and spherical harmonics terms contribute to the optimization of the basis functions for each

species in the system while achieving transferability (i.e. basis functions for a single species system

should work for another system with a more complex and/or inhomogeneous environment). The

three main considerations to optimizing LCAO basis functions are size, shape, and range. The

size of the basis is defined as the number of atomic orbitals per atom that are used during the

hamiltonian matrix calculations. The number of pre-defined radial (i.e. single-ζ , double-ζ) and

polarization functions control the size of the basis. The range of the basis is the spatial extension

of the atomic orbitals and is directly modified by a cutoff radius. The cutoff radius is crucial for

accuracy and computational efficiency in the LCAO scheme. Shape of the basis must be optimized

in a manner that does not influence the core region (pseudopotential is used to account for core

electrons interacting with the atomic nuclei and each other), yet produces a function that has a

continuous derivative throughout its region of existence (between some internal radius ri and the

cutoff radius rc). A soft confinement potential V (r) is implemented to the basis [59] of the LCAO

representation in the software package QuantumATK [66] so that basis shape is optimized.

Basis Set Expansion to Solve KS Equations

The term “linear combination” in LCAO refers to the superposition of basis functions for each

atomic species within the computational domain. The basis functions φInlm(r) must be summed

over all the atoms I and its respective quantum numbers within the computational domain [58] to

form was is known as the basis set. The resulting basis set φi(r) used in s (2.2) and (2.3) can be

written as an expansion of the basis functions as follows:

φi(r) =
∑

ν

cνϕν(r) (2.5)
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where ϕν(r) = φInlm(r−RI) acts as a compact notation of the basis function and ν is a com-

posite index identifying the atomic site I and quantum numbers n, l,m. The unknown coefficients

cν are non-orthogonal coefficients that are important for solving the KS equations throughout the

SCF calculation. If the ϕ notation is used in (2.3) and the equation is multiplied by ϕ∗
µ, a “gener-

alized eigenvalue problem” for the LCAO representation can be conveniently expressed as:

∑

ν

(H− ǫiS)µν ciν = 0 (2.6)

with H as the Hamiltonian matrix,

(H)µν =

∫

drϕ∗
µ(r)

[

−
1

2
∇2 + VH(r) + Vn(r) + Vxc(r)

]

ϕν(r)

and S as the overlap matrix,

(S)µν =

∫

drϕ∗
µ(r)ϕν(r)

The LCAO representation requires an overlap matrix to account for the non-orthogonality that

exists in the numerical procedure of the basis set (i.e.
∫
drϕ∗

µ(r)ϕν(r) 6= 0). The transition from a

differential form to a matrix form of the KS formulation permits the DFT calculation to solve the

expansion coefficients cν and later to determine the electron density throughout the domain.

2.1.2 Pseudopotential

Various researchers of DFT algorithms have sought ways to simplify the required computa-

tional demands prevalent during the calculations. One area where further approximations have

been applied is the description of core electrons and their interactions with the nuclei of the sys-

tem. Wavefunctions near the nuclei of the atoms do not affect the overall chemical, mechanical, or

electronic properties as much as wavefunctions representing the valence electrons in the system.

Therefore a weaker effective potential known as a pseudopotential replaces the coulomb potential

near the nucleus to account for the nuclear and core electron interactions.
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Any constructed pseudopotential must ensure that the resulting atomic valence pseudo-orbital

is identical with the corresponding atomic orbital in an equivalent system calculated by an all-

electron method. Pseudopotentials reduce the overall computational demand by decreasing the

basis set required to fully describe the system for a given simulation. The atomic basis sets have

been optimized together with the pseudopotential description in the QuantumATK software. Sev-

eral pseudopotential options were briefly investigated for the CdTe bulk simulations as shown

in Table 2.1 and Table 2.2 of Section 2.2 that include the Fritz-Haber Institute (FHI), OpenMX

(OMX) [67, 68], FHI+OMX and SG15 [69] norm-conserving pseudopotentials. The SG15 pseu-

dopotential has proven to be accurate and transferable for metal chalcogenide and some ternary

compound systems [69]. However, a combination of the FHI and OMX pseudopotentials was

selected as it gave both consistent structural and electronic properties during CdTe surface and

interface DFT calculations.

2.1.3 Exchange-Correlation Functional

The total ground-state energy EGS as expressed in (2.3) includes an energy term Exc, known

as the exchange-correlation (XC) energy functional. As mentioned earlier, Exc is an approximated

term in a many-body system that restores the quantum mechanical effects within the system. It

primarily accounts for how one electron avoids another as it moves throughout the electron den-

sity. The XC functional is described by two parts: 1) an exchange part that relates to the Pauli

exclusion principle, and 2) a correlation part that captures how every electron pushes on the other

electrons surrounding it in the form of Coulomb repulsion. Such an approximation has to be ac-

curate and feasible for all computations so that the method can accomodate for binding between

atoms. The simplest method of the exchange-correlation functional is known as the local density

approximation (LDA), which is expressed as follows:

ELDA
xc [n] =

∫

d3r n(r)ǫunifxc (n(r)) (2.7)
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where ǫunifxc n(r) denotes the XC energy per electron of a homogeneous gas. Equation (2.7)

is valid when the electronic density changes slowly with respect to position [70]. Although it is

possible to obtain an exact, analytical expression for the exchange energy in the uniform electron

gas, an approximation for the correlation energy must be used as no exact solution is obtainable.

The LDA variant used in the current work is based on the parametrization developed by Perdew and

Zunger [71]. LDA is suprisingly accurate for its simplistic formulation as its embedded constraints

obey the XC hole restriction. More improvements have been made using the Local Spin Density

Approximation to include the spin dependence of the electron density.

Higher order terms can be included within the XC functional to provide greater accuracy to

the XC energy. Among these is the XC functional known as Generalized Gradient Approximation

(GGA), which additionally depends on the gradient of the electron density and is defined as:

EGGA
xc [n] =

∫

d3r n(r)f (n(r),∇n(r)) (2.8)

Both the LDA and GGA XC functionals are among the popular options for re-establishing

the quantum mechanical effects in DFT calculations. However, further corrections to both the

LDA and GGA XC functionals are necessary to account for the self-interaction error inherent to

both approaches as well as their poor description of CB energy levels. The next subsection will

briefly describe the semi-empirical correction used to accommodate the limitations of the local

approximations to the XC energy.

2.1.4 Hubbard-U Correction

All DFT calculations in the research work require an accurate representation of the band gaps

for the CdTe-based modeling systems. It is widely known that the common LDA and GGA XC

functionals underestimate band gaps seen in experimental literature, mostly due to the delocaliza-

tion of valence electrons [72]. That is why a semi-empirical method known as the Hubbard-U

correction is applied to the Hamiltonian matrix as a means of re-introducing the localized nature of
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valence electrons found in metal chalcogenide compounds like CdTe [35]. The simplified version

of the Hubbard-U formalism [72] is described using the following format:

EU =
1

2

∑

µ

Uµ

(
nµ − n2

µ

)
(2.9)

where nµ is the projection onto an atomic shell and Uµ is the on-site Coulomb repulsion energy

parameter that is semi-empirically chosen to reproduce the bandgap Eg of the bulk material. The

Hubbard-U correction within the current study was implemented for two reasons:

1. Re-establish the CdTe band gap at areas where the material exhibits bulk-like electronic and

structural behavior.

2. Ensure the transferability of CdTe between more complex simulation environments such as

CdTe surfaces and interfaces.

The Hubbard-U formalism allows for an appropriate representation of the CdTe band gap so

that an accurate construction of energy band alignment may be ascertained from the atomistic

models. Hubbard-U has a moderate computational cost in comparison to other hybrid function-

als while maintaining the descriptive behavior of the electron-electron interactions. Various DFT

studies have investigated the structural and electronic effects caused by applying the Hubbard-U

formalism to metal chalcogenide systems [35–37,73]. In this work, the on-site Hubbard-U formal-

ism is used, which is available in the QuantumATK software program.

The next section will look at the comparison between several pseudopotentials without and with

Hubbard-U correction for investigating the CdTe bulk structural and electronic properties. The

main purpose for evaluating a number of pseudopotentials and Hubbard-U values was to identify

any discrepancies between them in accuracy as well as to decide which one or a combination of

them was appropriate to use throughout the research work.
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2.2 CdTe Bulk Investigation

Different computational setups were evaluated for their accuracy in calculating structural and

electronic properties of bulk CdTe. The total energy difference per parameter change (denoted

as |δEtot|) was minimized for both the Perdew-Zunger (PZ) [71] and Perdew-Burke-Ernzerhof

(PBE) [74] forms of the LDA and GGA XC functionals, respectively, using different k-point and

density mesh cutoff Emesh values as shown in Figure 2.3. The convergence criterion was selected

to be 2.5 meV/cell to ensure that the bulk CdTe DFT results were independent of changes to the

convergence parameters. Figure 2.3a shows that both XC functionals converge quickly after n = 6

k-pts along each reciprocal lattice direction using an Emesh value of 2200 eV. However, Figure 2.3b

shows that there are significant differences in the convergence behavior between XC functionals.

The top subfigure represents the LDA-PZ convergence with respect to Emesh value, while the

bottom subfigure is for the GGA-PBE XC functional convergence. It is obvious that LDA-PZ

converges more quickly than GGA-PBE with respect to the Emesh value. The LDA-PZ converges

around 2000 eV for most pseudopotentials while GGA-PBE requires a Emesh value > 3000 eV

to properly converge below the 2.5 meV/cell threshold. It is also obvious from the difference

in scaling on the ordinate axes that LDA-PZ requires a lower Emesh compared to GGA-PBE.

Although only LDA-PZ successfully converged at such conditions, it was decided that a density

mesh cutoff of 2200 eV and a k-pt density of 11 × 11 × 11 would be used for all other bulk

calculation comparisons moving forward. For any simulations that included GO, a force threshold

of 0.001 eV/Ang was utilised for such calculations. Structural and electronic properties analyses

were performed on the conventional CdTe unit cell as illustrated in Figure 2.4 and will be briefly

considered in the following subsections.

2.2.1 Structural Properties

Various CdTe structural properties after applying geometry optimization to the CdTe unit cell

in Figure 2.4 were calculated such as equilibrium lattice constant aeq and symmetrized elastic

tensors (C11, C12, and C44). The parameters were compared between each XC functional and
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Figure 2.3: Convergence testing for different XC functionals and pseudopotentials with respect to a) varied
k-point densities at density mesh cutoff Emesh = 2200 eV and b) varied Emesh values at 11 × 11 × 11
k-points. The gray line marks the 2.5 meV/cell threshold for the absolute difference in total energy. The
CdTe bulk primitive cell with a fixed lattice constant of 6.480 Ang was utilized for all calculations.

pseudopotential combination as shown in Table 2.2. Although mechanical properties are not pri-

marily focused within the scope of the current research, the analysis was simply done to verify how

close the calculated values were to the experimental values determined for the zinc-blende CdTe

bulk crystal. It must be noted that all DFT simulation values were evaluated at temperature T = 0

K, which will differ from the experimental values determined at room temperature.

In general, both the LDA and GGA calculations yield a lattice parameter within 5% of the

experimental value with the LDA-PZ OMX set having the smallest error at 0.17%. All of the

XC+pseudopotential combinations except for the LDA-PZ SG15 set overestimate the lattice con-

stant aeq. Looking the the symmetrical elastic tensors Cij , there is significantly more variation and

thus higher error from the experimental values. For example, the term C11 is predicted to be down

to 27% lower for the GGA-PBE + FHI combination and up to 14% higher for the LDA-PZ + OMX

combination than the experimental values from Reference [75]. The wide variation in elastic prop-
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Figure 2.4: Illustration of the conventional CdTe unit cell used for the DFT-based structural and electronic
properties calculations

erties have been seen within other DFT studies [76], which show the difficulty of converging all

specific aspects of CdTe bulk system. A more intricate method that properly describes the elastic

properties of the CdTe would be necessary as such properties appear to be an inherent limitation of

the used XC functionals. As mentioned beforehand, the CdTe bulk mechanical properties were not

the primary focus in the current research study, but more so the electronic properties that dictate

energy band alignment. The rest of the section will concentrate on the CdTe electronic charac-

teristics with the addition of a Hubbard-U correction to establish transferability in more complex

systems.

2.2.2 Electronic Properties

Suitable DFT parameters that firmly establish the electronic properties within the CdTe bulk

system must be carefully selected prior to using them in surface and interface calculations. Differ-

ent combinations of XC functionals and pseudopotentials were tested for two essential parameters

crucial to the solid state physics seen in semiconductor compounds: effective mass m∗ and semi-

conductor band gap Eg.

29



Table 2.1: Comparison of the CdTe structural properties for the LDA-PZ and GGA-PBE functionals with
various pseudopotentials after GO. The experimental (Expt.) values are provided in the last row with the
references located at the bottom of the table.

XC Pseudopotential Lattice Constant, Elastic Tensor (GPa)
aeq (Ang) C11 C12 C44

LDA-PZ

FHI 6.536 58.70 42.23 20.28
FHI+OMX 6.635 40.11 37.85 20.79
OMX 6.491 61.56 42.66 18.64
SG15 6.450 59.68 41.06 18.87

GGA-PBE

FHI 6.624 39.09 29.70 14.23
FHI+OMX 6.746 40.19 25.74 25.27
OMX 6.746 40.19 25.74 25.27
SG15 6.647 44.68 31.54 16.57

Expt.a 6.480
Expt.b 53.8 37.4 20.18
Expt.c 53.51 36.81 19.94
aRef. [77].
bRef. [75].
cRef. [78].

Effective mass can be simply described as the apparent mass of a semi-classical particle (either

an electron or hole) as it interacts with other particles and the periodic potential created within

the crystal structure. It is an important parameter for semiconductors since it determines the cur-

vature of the band edges formed by the density of quantum states within the Brillouin zone of

the reciprocal unit cell. With the band edges (valence and conduction bands) usually assumed to

be parabolic, the effective mass assists in quantifying the number of allowed electronic states in

the CB (using me) and VB (using mh). Table 2.2 reveals the effective mass and band gap results

for each investigated DFT setup combination. The results show that there is no clear DFT setup

that accurately calculates all CdTe parameters. All of the setups, except the LDA-PZ and FHI

combination, underestimate the experimental electron effective mass me of 0.11. Even the other

computational studies [73, 79] do not predict the electron effective mass precisely. It is obvious

that the semi-local functionals do not correctly address the CdTe effective masses as intended for

a first-principles approach.

30



Table 2.2: Comparison of the CdTe electronic properties for the LDA-PZ and GGA-PBE functionals with
various pseudopotentials after GO. Outside experimental (Expt.) and computational (Comp.) references
for the effective mass and band gap for bulk CdTe are provided as well below the table. For Ref. [73], the
calculation was based on PW-DFT (LDA Purdue Zunger XC functional, without spin-orbit coupling). For
Ref. [79], the calculation used the Full Potential Augmented PW-DFT (LSDA Perdew Wang XC functional).

XC Pseudopotential Effective Mass, m* (m/m0) Band Gap,
me mlh,[100] mhh,[100] mlh,[111] mhh,[111] Eg (eV)

LDA-PZ

FHI 0.298 0.064 0.469 0.056 0.993 0.00
FHI+OMX 0.065 0.067 0.511 0.058 1.091 0.87
OMX 0.065 0.067 0.511 0.058 1.091 0.87
SG15 0.047 0.047 0.487 0.043 1.058 0.59

GGA-PBE

FHI 0.024 0.022 0.520 0.021 1.140 0.00
FHI+OMX 0.059 0.060 0.635 0.055 1.348 0.67
OMX 0.056 0.057 0.631 0.052 1.333 0.64
SG15 0.047 0.047 0.580 0.044 1.249 0.53

Expt.a 1.49
Expt.b 0.11
Comp.c 0.03 0.33 0.39 0.35 0.54 0.48
Comp.d 0.047 0.051 0.879 0.038 1.555
aRef. [34].
bRef. [80].
cRef. [73].
dRef. [79].

The same issue arises when calculating the CdTe band gap Eg. The least accurate DFT setup

was the FHI pseudopotential-based calculations which predicted a metallic-like behavior for the

CdTe system. It is clear that the LDA and GGA XC functionals severly underestimate the CdTe

band gap. The band gap limitation is an inherent problem in semi-local exchange-correlation

functionals as previously described in Section 2.1.4. Early on in the research process, the GGA-

PBE XC functional and SG15 pseudopotential along with the Hubbard-U correction was used for

more complex interface calculations of energy band alignment [81]. The choice gave encouraging

results as it has been used in published literature for DFT-LCAO calculations of related solar

cell thin-film layers [55, 82]. However, other important properties such as the cleavage energy

of plane-oriented single crystal CdTe surfaces were not accurate compared to the LDA-PZ and
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FHI+OMX combination. Thus, it was decided to use the LDA-PZ XC functional, FHI+OMX

pseudopotential combination and the Hubbard-U correction for all reported surface and interface

calculations. LDA-based DFT with a Hubbard-U correction not only improves the band gaps of

sp-hybridized semiconductors like CdTe, but it also improves the electron and light-hole effective

mass descriptions at the high symmetry Γ-point within the CdTe Brillouin zone [83].

The CdTe effective masses and band gaps were analyzed before and after the Hubbard-U cor-

rection was applied to the CdTe bulk conventional unit cell. Both of those conditions were evalu-

ated without and with geometry optimization enabled at the same threshold as mentioned earlier.

This was done to decouple the changes on the calculated bandstructures due to relaxation effects.

Table 2.3 shows the compiled results for each DFT setup using the LDA-PZ and FHI+OMX com-

bination. The chosen U-values for the Cd-4d and Te-5p orbitals were UCd−4d = 4.6 eV and UTe−5p

= 2.55 eV. The UTe−5p value was selected since it was used in another DFT-based study on the

zinc-blende CdTe structure [36]. The UCd−4d value was swept across different magnitudes until an

appropriate CdTe band gap was obtained.

Table 2.3: Comparison of the CdTe effective masses and band gaps (eV) for the LDA-PZ exchange-
correlation functional and FHI+OMX pseudopotential combination with and without an applied Hubbard-U
correction. The U-values used were UCd−4d = 4.6 eV and UTe−5p = 2.55 eV. DFT+U calculations without
GO have a lattice parameter set equal to the experimental value of 6.48 Å, while DFT+U after GO applies
the Hubbard-U values during the optimization process of the CdTe structure.

Setup Effective Mass, m* (m/m0) Band Gap, Eg (eV)
me mlh,[100] mhh,[100] mlh,[111] mhh,[111]

LDA (no GO) 0.060 0.060 0.457 0.053 0.974 0.79
LDA (with GO) 0.065 0.067 0.511 0.058 1.091 0.87
LDA+U (no GO) 0.125 0.122 0.575 0.099 1.250 1.49
LDA+U (with GO) 0.106 0.147 0.646 0.101 1.459 1.15

Prior to GO, both the electron effective mass and band gap for CdTe were further away from the

experimental values than with GO applied. Greater differences were seen between the heavy-hole

effective masses mhh,[111] and contribute to the slight band gap difference of 0.08 eV between the
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two simulation setups. However, the biggest change in band gap occurred for both the unrelaxed

and relaxed versions of the LDA+U simulations. Both simulations had a much closer electron

effective mass magnitude to the experimental one (0.11 [80]) while at the same time increasing the

CdTe band gap value. The simulation without GO restored the band gap to the experimental value

of 1.49 eV [34] while the GO simulation was smaller by 22.8%. Both relaxation and Hubbard-U

correction play a crucial role to the calculated electronic properties in CdTe systems.

Further analysis by means of calculated bandstructure and electron densities were done to

verify how the Hubbard-U values were causing such noticeable changes to the CdTe band gap.

Figure 2.5 shows the CdTe bandstructure without and with a Hubbard-U correction applied to

the unrelaxed CdTe bulk conventional unit cell. The band gap for CdTe was re-established near

the Γ-point after using Hubbard-U by the downward and upward shift in the VBM and CBM,

respectively. It is worth noting that both the VB and CB curvatures have been modified after the

Hubbard-U correction, indicative of a change in the effective masses that are closer in agreement

with experimental values. The accurate CdTe bulk band gap description seen in Figure 2.5 after

the Hubbard-U correction allowed for a valid construction of band alignment of the CdTe-based

thin-film surfaces and interfaces performed in this research.

Similarly, the partial electron density difference analysis found in Figure 2.6 provided a deeper

glimpse into how the calculated partial charge densities visually determine which atoms con-

tributed to the bands found in the bandstructure. The analysis was performed by first evaluating

the partial electron densities at VBM and CBM, then taking the difference between them as CBM -

VBM in CdTe bulk. Therefore, the colormaps can be interpreted as blue and red marking the VBM

and CBM, respectively. Various planes mapped across the [100] direction in terms of fractional

coordinates are plotted in each subfigure. There are interesting characteristics within the density

difference plots that resemble the probabilistic nature and shape of the Cd-4d and Te-5p orbitals.

Figure 2.6b is plotted at X = 0.0 along the Cd-terminated CdTe(100) plane, which shows the

highest CBM electron density n(r) (red color) around the Cd atomic sites. Inside the red regions

are four inner regions at the Cd atomic sites that have a magnitude closer to the VBM (blue color).
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Figure 2.5: Calculated CdTe bandstructure using the LDA-PZ XC functional without and with the Hubbard-
U correction applied to the Cd-4d and Te-5p shells. The blue curves mark the valence band while the red
curves mark the conduction band.

The inner regions give a d-like orbital character that represent one of the Cd-4d orbitals bisected

along that plane. Due to the symmetry of the Cd and Te atoms within the conventional unit cell,

the characteristics of Figure 2.6c (X = 0.1) and Figure 2.6f (X = 0.4) are similar in nature, which

show interactions between the Cd and Te atoms near the planes at those X fractional coordinates.

The projected region of the Te valence electrons is marked in blue, depicting a small p-orbital

shape that expands outward closer to the Te atom. Both Figure 2.6d and Figure 2.6e are closest to

the Te atom position along the X [100] axis. The p-orbital character is quite apparent and adopts a

blue color, indicating its primary role in the VBM of CdTe. Lastly, the features seen in Figure 2.6g

for the Cd atomic sites are similar to Figure 2.6b. From the results, it is strong correlation with
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Figure 2.6: Partial charge density difference analysis at the CBM and VBM across the CdTe conventional
unit cell after incorporating the Hubbard-U correction to the LDA-based DFT calculation. Subfigure (a)
illustrates green-colored planes tracing where the six partial density plots were measured along the [100]
direction of the unit cell (the first plane at X = 0.0 is omitted for clarity). All other subfigures (b) through
(g) reveal the partial density differences with the fractional X-coordinate labeled above them.

the orbitals residing around the Cd and Te atomic sites with there contribution to the CBM and

VBM, respectively, which accounts for the effect of the Hubbard-U correction in CdTe band gap

calculations.

Extra insight is gained by evaluating the CdTe projected bandstructure by distinguishing which

curves are formed due to the Cd and Te orbital bands. Figure 2.7 gives a detailed bandstructure

due to the Cd-4d and Te-5p bands without and with the Hubbard-U correction applied to the LDA-

PZ XC functional for CdTe. The visual color scheme maps the areas where the certain bands

contribute to the curves that make up the bandstructure. In Figure 2.7a and Figure 2.7b, the Cd-5s

band is strongly present in the CB, justifying it to be the main contributor to the CB edge at the
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Γ-point. The Hubbard-U correction is readily seen by comparing Figure 2.7c to Figure 2.7d. The

Cd-4d bands without Hubbard-U have a pronounced effect on the CdTe VB and thus prevent the

Te-5p bands from localizing properly as shown in Figure 2.7e, resulting in the CdTe band gap

being underestimated at 0.79 eV. On the other hand, using a Hubbard-U value of UCd−4d = 4.60 eV

on the Cd-4d bands will cause the curves where they reside most to shift downward on the energy

scale (Figure 2.7d) and thus have a decreased effect on the Te-5p localization of bands. Lastly,

looking at Figure 2.7e and Figure 2.7f reveals that a Hubbard-U value of UTe−5p = 2.55 eV used

on the Te-5p bands allow the bands to sit in the correct energy position so that the CdTe band gap

is re-established at 1.49 eV. It can be said with certainty that the Hubbard-U correction is properly

localizing the Cd-4d and Te-5p bands to improve the electronic structure of bulk CdTe.

Lastly, verification of the accuracy in using the LDA+U method for the electronic properies

in CdTe bulk was made by comparing energy positions of the U-corrected atomic subshells deter-

mined by a projected density of states (DOS) analysis to experimental literature [84] as shown in

Figure 2.8. A similar approach using photoemission spectra to compare the binding energy po-

sitions of the Cd-4d and Te-5p bands after using the Hubbard-U correction has been done [37],

which was also followed in this study. According to Figure 2.8b, the Hubbard-U values of 4.60

eV and 2.55 eV for the Cd-4d and Te-5p bands, respectively, have caused the Cd-4d band to shift

downward (left direction) and Te-5p band to be properly localized within the CdTe bandstructure.

At the same time, the energy positions for the Cd-4d and Te-5p bands are in good agreement with

various photoemission spectra data [84, 85], confirming that the chosen U-values are sufficient for

bulk CdTe.

In summary, two important consequences can be immediately drawn from the results. First,

the effect of GO on the CdTe bulk electronic properties is somewhat noticeable due to the re-sizing

of the CdTe unit cell and associated atomic displacements to minimize the CdTe total energy. Any

GO applied to CdTe will cause the band gap to change accordingly, which will certainly affect

the energy band alignment in more complex simulation domains. Second, the chosen Hubbard-U

values significantly increase the CdTe band gap as well as lead to effective masses that are closer to
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Figure 2.7: Calculated CdTe projected bandstructure using the LDA-PZ XC functional without and with
Hubbard-U correction. The project bandstructures are separated as (a,b) Cd-5s, (c,d) Cd-4dz2 and (e,f)
Te-5pz orbitals for the LDA and LDA+U DFT calculations.

experimentally reported values. The Hubbard-U correction is essential to the electronic structure

of zinc-blende CdTe and thus was expected to dramatically influence the resulting energy band

alignments of surfaces and interfaces studied in this work.

2.3 Green’s Function Formalism

Ab initio methods that attempt to simulate interfaces typically use finite-sized models con-

sisting of several atomic layers that form “slabs” with vacuum regions at each end (Figure 2.9a).

The limitations of using such a framework for interface modeling involve 1) the geometry being
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Figure 2.8: Comparison of photoemission spectra data (image on the left, taken from [84]) and the projected
density of states (right image) of the LDA+U calculation in the bulk CdTe. A Gaussian broadening of 0.01
eV was used for the projected DOS analysis.

restricted to periodic systems that require expensive computational loads to accurately represent

the space charge effects seen in junctions across semiconductor devices, and 2) no straightfoward

method to combine two materials with differing chemical potentials to simulate non-equilbirium

conditions at the interface [61, 64]. The Green’s function (GF) formalism is capable of address-

ing both limitations by developing a model system that consists of several distinct regions that

algorithmically interact with each other. All GF models implement a central region of atoms to

describe the electronic structure of the surface or interface. The central region is then coupled to

either one semi-infinite bulk electrode and a vacuum region (one-probe model [62] shown in Fig-

ure 2.9b) or two semi-infinite bulk electrodes that act as open boundary conditions for the central

region (two-probe model [61] shown in Figure 2.9c). The electron density n(r) throughout the

interface is obtained from the real space representation of the density matrix within the central

region. The density matrix must be defined by several additional terms that account for coupling

between each electrode and the central region (a.k.a. self-energy Σ1,2), each electrode’s chemical

potential µ1,2 and the Hamiltonian within the central region. The listed references [86–89] are just

a few examples of the one and two-probe DFT models outside of the current study if the reader is

interested in further exploring its application to a wide array of research problems.
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Figure 2.9: (a) Typical DFT slab configuration with vacuum on the ends (transparent pink) to model surfaces
or interfaces. (b) Surface configuration of CdTe using the one-probe DFT model that contains one bulk left
electrode for CdTe (transparent green), a surface region (purple box), and a vacuum region (transparent
pink). (c) Device configuration of a CdTe/Te interface using the two-probe model that consists of semi-
infinite left and right bulk electrodes (transparent green) for CdTe and Te, respectively, and a central region
(purple box).
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Chapter 3

DFT+GF One-Probe Modeling of CdTe Surfaces

Electronic properties residing at surfaces constitute a major role within thin film semiconductor

device physics [90]. The surface region of semiconductor materials is often classified as a two-

dimensional defect that tends to influence important electronic properties during the formation of

interfaces. At the same time, the extension of surface effects is highly dependent on what type of

defects exists in the localized region. As PV device configurations continue to decrease in size, it

is becoming increasingly necessary to have a detailed atomic-scale perspective of electronic prop-

erties along thin film semiconductor surfaces. Therefore, quantum-based DFT+GF method was

selected to accomplish the surface studies investigated within the current research. The main ob-

jective of DFT+GF surface studies was to understand the electronic behavior of surfaces and their

relationship to interfaces regarding energy band alignment of CdTe-based heterostructures. The

mechanisms related to plane orientation, termination layer, surface reconstruction and geometry

optimization were investigated as a direct approach to classifying how such mechanisms influence

CdTe-based surfaces.

3.1 Theoretical Outlook of Semiconductor Surfaces

Simulation modeling of CdTe surfaces encompassed a wide range of parameters that gave a

comprehensive outlook on surface energy band alignment. As initially stated in Section 1.2, the

Anderson Rule does not apply for energy band alignment along surfaces because the theory relies

on knowing the band offsets at interfaces. Since only the CdTe surface is analyzed without an in-

dependent front or back layer joined to it to form a junction, then the Anderson Rule simply breaks

down in accurately determining energy band alignment of the CdTe surface. The DFT+GF method

gives the advantage of calculating spatially dependent energy band alignments for CdTe surfaces

as a function of plane orientation, termination layer and relaxation. Surface reconstructions were

included later in the research work to evaluate how surfaces that obey the electron counting rule
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(ECR) [91, 92] affect electronic states at the CdTe surface. In Section 1.3.1, three of the four key

hypotheses were primarily related to the electronic characteristics found at certain CdTe surfaces.

The following subsections will briefly provide the theoretical basis necessary for explaining the

CdTe surface results presented later in the chapter.

3.1.1 CdTe Surface Polarity

From the bulk CdTe results presented in Section 2.2, there was clear evidence that many me-

chanical and electronic properties were dependent on certain directions within the real CdTe con-

ventional unit cell (i.e. elasticity, hole effective mass, etc.). The planes along which the CdTe

bulk material is cleaved to create distinct surfaces are thus expected to show a diverse collection

of electronic properties. There are a plethora of facet orientations that can be studied, however the

current research focuses on the polar {111} and {100} planes along the respective terminations.

Regarding the zinc-blende form of the CdTe crystal structure, the unit cell can be constructed

by alternating Cd and Te planes along the [111] direction as shown in Figure 3.1. Past studies

have shown that various plane orientations of the CdTe crystal exhibit surface polarity [93–96]

characteristics that may influence the electronic properties at the junctions. Along the CdTe{111}

family of planes, the atoms along the termination layer are described to be triply bonded to the

subsequent layer beneath due to sp3 orbital hybridization of the CdTe compound; the sp3 orbital

hybridization is similar to that seen for III-V semiconducting compounds [97]. To illustrate for

the Cd-terminated CdTe(111) plane, Figure 3.1a depicts that in the [111] direction the termination

layer of Cd atoms are triply bonded with the Te atoms. The same is true for the Te(1̄1̄1̄) plane,

which after incorporating a 180◦ rotation about the [1̄10] direction in Figure 3.2a, the Te-terminated

surface atoms also exhibit a triply bonded structure with the underlying Cd atoms. Experimental

evidence suggests that epitaxial growth of the CdTe surface along the (1̄1̄1̄) Te-terminated surface

yields the best crystal growth [96]. However, the current DFT-based study was done to verify which

particular termination layer along the {111} planes actually gives favorable electronic properties

for band alignment of CdTe PV surfaces.
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Figure 3.1: Illustration of the (a) {111} and (b) {100} facets of the zinc-blende CdTe structure. The top
inset images show the number of Te atoms bonded to the Cd atom along the normal direction of the plane
being viewed. The lower inset images in (a) provide colorized planes marking the close-packed (111) and
(1̄1̄1̄) planes of the CdTe conventional unit cell. The lower insets images in (b) are colorized planes along
the (100) and (1̄00) CdTe planes, respectively (lattice plane orientation structures generated with the Vesta

software program [98]).
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The bonding configuration along the CdTe(100) and (1̄00) facets is displayed in Figure 3.1b.

Two Te atoms are bonded to the Cd atom above it, and the cycle repeats in the <100> direction. If a

surface where to form after cleaving along the (100) plane, then each termination layer atom would

be doubly bonded with the layer beneath it. The CdTe{100} termination layers were expected to

have some type of polarization as the termination surface is either a Cd or Te monolayer. However,

Holt et al. [95] have stated that CdTe{100} planes can be classified as macroscopically non-polar

surfaces if demi-steps (each with a Cd and Te facet step) are considered. The instance when CdTe

polarity was said to be applicable was along the <110> directions where closest neighboring atoms

of the same species along the {100} planes were present. It was not known how a macroscopi-

cally non-polar surface would behave in terms of its energy band alignment and whether such a

macroscopic condition meant that no surface states were present. Thus, the current work investi-

gated how an atomic-scale perspective of the CdTe{100} surfaces would determine the electronic

properties along the {100} facets.

Figure 3.2: Sideview of the alternating Cd and Te atoms along their respective (a) <111> and (b) <100>
directions.

According to previous studies, CdTe surface polarity is dictated by the termination layer as

well as the bonding configuration at the CdTe surface. Although the {111} and {100} planes

were known to be polar surfaces based on their termination layers, it was not known which facet

would be favorable for energy band alignment. The first hypothesis of the study stated that the

two plane orientations were expected give similar energy band alignment profiles if the planes
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terminated along the same species (Cd or Te). The initial expectation was that the termination

layer would play the primary role in the electronic properties of the CdTe surfaces in comparison

to the bonding arrangement along the observed facet. Section 3.3 evaluates the two facets for both

the Cd-terminated and Te-terminated CdTe surfaces and provides surprising insights on their actual

effects on energy band alignment. Before constructing DFT simulations to test the hypothesis and

analyze the results in-depth, the conceptual basis of how surface electronic properties are perceived

needed to be established. The next subsection will provide a simplified treatment of surface theory

and how it is used to develop the conclusions obtained from the DFT+GF simulation results.

3.1.2 Surface Theory

According to surface theory, the position of the Fermi level at the surface of a semiconductor

is sensitive to the distribution of surface states that lead to Schottky barrier potentials [99]. As

a result, band bending occurs depending on where the surface chemical potential state lies with

respect to the Fermi level of the bulk semiconductor [100]. Typically, surface bands are partly

filled with its chemical potential µCN lying within the bandgap of the bulk semiconductor material

(Figure 3.3a). Charge neutrality (CN) must be maintained throughout the system, which requires

the equilibration of occupied states between the surface band and valence band of the bulk semi-

conductor. Figure 3.3b illustrates the band bending formation that occurs during the equilibration

of occupied states near the surface region of the semiconductor.

The equilibration of states leads to charge build up at the surface depending on the energy

positions of the surface (µCN ) and bulk semiconductor (µSC) chemical potentials. Equilibration

at the surface develops a depletion width some distance into the bulk that follows a quadratic

dependence on the depletion width size zdep for the electrostatic potential V (z) as shown in 3.1:

V (z) =
e2NA

2ǫǫ0
(z − zdep)

2 (3.1)

If the surface charges positively as a result of equilibration (µCN < µSC), then the bands

will bend downward according to (3.1). The opposite is true in that a negatively charged surface
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Figure 3.3: Band bending illustration (a) before equilibration, and (b) after equilibration is achieved in a
p-type semiconductor where µCN > µSC .

(µCN > µSC) will cause the bands to bend upward. It must be noted that the number of ionized

acceptors NA (or donors ND) magnify the band bending at the surface as they must be filled

(depleted) to neutralize the surface charge. The surface polarity is directly related to band bending

features explained by surface theory. Any surface electronic states present will play an additional

role to the surface polarity effect that influences charge distribution at the surface.

Although surface theory gives a general perspective on the effects of surface states, it does not

explain how different types of plane orientations or terminated surfaces drive the mechanisms lead-

ing to surface state formation. That is why the current research work uses an atomistic modeling

approach based on DFT to reveal the nuances of terminated surfaces and their alterations to elec-

tronic surface behaviors. The implications of surface theory in relation to the predicted electronic
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features of CdTe surfaces using atomistic modeling make up the second and third hypotheses from

Section 1.3.1. As a reminder, the second hypothesis stated that the energy band alignment of the

Cd-terminated surfaces were not expected to have detrimental surface electronic states and would

simply bend downward. On the other hand, the Te-terminated surfaces were thought to contain

surface states due to dangling bonds present at the termination layer and bend the bands upward.

As for the third hypothesis, chlorine in the tellurium sites of the Te-terminated CdTe surface was

predicted to passivate the dangling bonds that existed for the CdTe(1̄1̄1̄) facet. At the same time, a

monolayer of TeO2 was anticipated to further reduce any detrimental surface states present along

the Te-terminated CdTe surface. The hypotheses were tested using the DFT+GF method to deter-

mine whether the simulation results validate or refute them.

One last topic needs to be covered before moving forward with the computational results and

discussion. The subject is pertaining to surface reconstruction and how it contributes to the overall

CdTe surface characteristics.

3.1.3 Surface Reconstructions

Surface reconstruction is quite an involved discussion for epitaxial processes with subtopics

that are beyond the scope of the present research study. Yet in the context of the second hypothesis,

it was deemed necessary to include several important surface reconstructions within the DFT+GF

models as they became crucial to the understanding of surface charge neutrality.

The topic of surface reconstructions was initially overlooked during the construction of the hy-

potheses. They are mostly applicable to the second hypothesis mentioned above, which failed to

incorporate the importance of the electron counting rule (ECR, briefly mentioned in Section 3.1.2)

[91,92] to the determination of favorable CdTe surfaces. Surface reconstructions are the rearrange-

ment of the surface periodicity leading to an overall lower energy of the system. The resulting

surface reconstructions may or may not obey the ECR conditions, which cause the surface to be

charge neutral across it.

46



Recall that the bonding arrangement of the zinc-blende CdTe structure follows an sp3 orbital

hybridization, similar to the III-V semiconducting compounds like GaAs [97,101]. If the CdTe sur-

face were to be cleaved along a polar surface like the {111} family of planes, then there would be

the formation of filled dangling bonds on the anion (Te) terminated surface while empty dangling

bonds would reside on the cation (Cd) terminated surface. Figure 3.4 illustrates the hybridization

of the CdTe compound and the arrangement of the electrons after the structure is cleaved along

the (111) plane. One way that newly formed surfaces can obey the ECR would be to create the

necessary amount of atomic vacancies or adatoms on the surface that balance the surface charge

distribution. For the both of the Cd and Te-terminated cases, the c(2 × 2) and (2 × 2) reconstruc-

tions along the respective CdTe(100) and CdTe(111) facets were investigated. All reconstructed

CdTe surfaces were chosen to identify how the ECR affected the energy band alignment profiles.

Figure 3.4: Schematic of the bonding configuration within CdTe following the sp3 orbital hybridization
structure. After cleaving along the single bond between the Cd and Te atom in the [111] direction, the Cd
atom in the CdTe(111) facet adopts one empty dangling bond while the Te atom on the CdTe(1̄1̄1̄) facet
retains both electrons to form a filled dangling bond.
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3.2 Computational Details

The DFT and surface Green’s function one-probe modeling setup within the QuantumATK

software package was the simulation of choice for all CdTe surface configurations [62]. All simu-

lations used the Perdew-Zunger [71] form of the LDA exchange-correlation functional along with

the semi-empirical Hubbard-U energy applied to the Cd-4d and Te-5p orbitals to ensure proper

bandgap values. The selected pseudopotential and basis set combination as described in Sec-

tion 2.2.2 was the FHI+OMX [67, 68] pseudopotentials along with the double-zeta polarized and

s2p2d1 (low) basis sets, respectively. A density mesh cutoff of 2200 eV was used in all calcula-

tions. For the CdTe{100} family of planes, a k-point sampling of 3 × 3 × 150 (4.376 Å × 4.376

Å × 154.699 Å) was implemented while for the CdTe{111} family of planes the k-point sampling

was 4 × 4 × 100 (5.052 Å × 5.052 Å × 178.631 Å). A Monkhorst-Pack grid distribution was set

as the standard for all simulations. Each model incorporates a small p-type doping concentration

of 2 × 1014 cm-3 to remain consistent with typical concentration values found in real CdTe-based

PV devices. Spin-orbit splitting was not included in any of the calculations.

Each one-probe model included a semi-infinite CdTe bulk electrode coupled with a CdTe sur-

face region of approximately 20 nm in length and a 5 nm vacuum region to represent the terminated

surface (see Figure 3.5). The experimental lattice parameter of 6.480 Å was maintained for both

the bulk electrode and first 15 nm of the surface region so as to maintain the structural integrity

seen in experimental CdTe thin films. The last 5 nm of the atoms in the surface region from the

terminated surface had their atomic positions geometrically optimized until all forces reached be-

low 0.01 eV/Å. The region between the CdTe bulk electrode and the CdTe surface region adopted

a Dirichlet boundary condition so that the electronic structures of the two regions were coupled

together and mimic a semi-infinite bulk region for CdTe. Towards the right of the modeling do-

main is the vacuum region, which implements a Neumann boundary condition so that the gradient

of the electrostatic difference potential with respect to length did not change at the surface (i.e.

d(δV )/dr|r=Lz,surf
= 0). The one-probe modeling setup ensures that the Poisson solver would

accurately converge the electronic structure of each CdTe termination case.
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Figure 3.5: One-probe surface model illustration projected along the YZ plane. The red and blue highlighted
regions of the surface model are zoomed in at the bottom subfigures. The bulk electrode length Lz,bulk

depends on the plane orientation of the surface.

Several simulations were performed to create an expanded perspective of energy band align-

ment based on unique CdTe surface arrangements. Table 3.1 displays all one-probe DFT+GF

modeling parameters and domain sizes during the calculations. As a general overview for Sec-

tion 3.3, each subsection is divided by its respective terminated surfaces with data presented for

both the {100} and {111} facets or just the {111} cases only. Two termination layers labeled

as Cd-terminated and Te-terminated were investigated separately within each oriented plane cate-

gory. Furthermore, ClTe formation on the CdTe(1̄1̄1̄) surface was simulated to evaluate any addi-

tional effects on the energy band alignment. Lastly, a TeO2 monolayer without and with ClTe along

the CdTe(111) surface was studied independently to determine their influence on band alignment

characteristics.
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Table 3.1: One-probe DFT+GF modeling domain sizes used in all investigated CdTe surface studies. “u” denotes unrelaxed while “r” denotes relaxed
CdTe surface models.

Termination Layer Facet Lz,bulk (Å) Lz,surf(u) (Å) Lz,surf(r) (Å) Nbulk Nsurf

Cd

CdTe(100)(1 × 1) 6.480 213.030 215.827 16 528
CdTe(100)c(2 × 2) 6.480 213.030 213.116 16 526
CdTe(111)(1 × 1) 11.224 223.071 225.034 24 480
CdTe(111)(2 × 2) 11.224 223.071 222.281 24 479

Te

CdTe(1̄00)(1 × 1) 6.480 213.030 213.519 16 528
CdTe(1̄00)c(2 × 2) 6.480 213.030 214.322 16 528
CdTe(1̄1̄1̄)(1 × 1) 11.224 223.071 223.877 24 480
CdTe(1̄1̄1̄)(2 × 2) 11.224 223.071 223.993 24 479

ClTe

CdTe(1̄1̄1̄)(1 × 1) + 25% ClTe 11.224 223.071 223.854 24 480
CdTe(1̄1̄1̄)(1 × 1) + 25% ClTe + VCd 11.224 223.071 223.079 24 479
CdTe(1̄1̄1̄)(1 × 1) + 50% ClTe 11.224 223.071 223.857 24 480

TeO2

CdTe(111)(1 × 1) + TeO2 11.224 223.071 222.764 24 484
CdTe(111)(1 × 1) + TeO2 + 25% ClTe 11.224 223.071 222.089 24 484
CdTe(111)(1 × 1) + TeO2 + 50% ClTe 11.224 223.071 221.568 24 484
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3.3 Results and Discussion

Comparisons between electronic characteristics of differing CdTe surface grain orientations

and terminated layers were made to gain an overall perspective of defect surface states and band

bending effects associated with certain terminated surfaces. Local density of states projected along

the direction perpendicular to the surface plane of the CdTe surfaces were plotted to describe the

energy band alignment features for a given surface of CdTe. Projected local density of states

(PLDOS) analyses for each SCF-converged calculation was done with an 11 x 11 k-point sampling.

PLDOS is a convenient way for visualizing the electronic structure of the DFT+GF one and two-

probe models in the transport direction and will be extensively used throughout the rest of the

document for energy band alignment.

Relevant electronic characteristics measured from the energy band alignment plots such as band

gap energy Eg,CdTe, respective valence and conduction band surface energy potentials E(v,c),surf and

internal cusp energy potential Ev,cusp (if any exists) were reported in the tables of each subsection for

the plane orientations under scrutiny. The two most prominent surface electronic state energy levels

(Edef1 and Edef2, respectively) as well as their DOS magnitudes (D(Edef1) and D(Edef2), respectively)

were tabulated in a separate table for each subsection as well.

A standard for measuring electronic features such as the CdTe band gap, surface and internal

cusp energy potentials was established by using macroscopically averaged curve fits of the VBM

and CBM with a Gaussian kernel width of 5 Å. The Gaussian kernel width was chosen so that the

curve fits for VBM/CBM would minimize the oscillatory effects of tracing between alternating Cd

and Te layers. Too large of a width value resulted in the shrinking of the curve fits as wider Gaus-

sian widths required more data slices to smoothen the curve traces. Furthermore, a DOS threshold

of 10−4 eV-1 was selected as done in another DFT-LCAO study [55] to distinguish between the

band edges and background noise during the tracing process.

Using the macroscopically averaged curve fits of the VBM and CBM, the band gap energy

Eg,CdTe was consistently determined from the energy differences of the VBM and CBM at positions

located closest to the bulk-like CdTe electrode region (the leftmost part of each surface region).
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The Hubbard-U values UTe−5p = 2.55 eV and UCd−4d = 4.60 eV described in Section 2.2.2 have ac-

curately described the energy band gap values for the CdTe bulk electrodes to ensure transferability

in the one-probe modeling setup.

In the context of the macroscopically averaged curve fit for the VBM, the surface potential Ev,surf

is defined as the energy difference between the VBM curve fit value nearest the surface and the

curve fit VBM value of the CdTe bulk-like region. Both of the specified locations are respectively

labeled as points 1 and 2 in Figure 3.8a and follow the same definition thereafter. Depending on

whether it bends upward or downward, Ev,surf acts as either a barrier (negative magnitude, bending

downward) or an enhancer (positive magnitude, bending upward) for hole transport toward the

back of a typical p-type CdTe PV device. A similar definition is applied to the CB surface potential

Ec,surf if it was measured within the given study. In accordance with the labels provided in Figure

3.9b, the cusp energy potential Ev,cusp is simply defined as the energy difference between the peak

of the curve fit VBM (labeled point 1) and the leftmost part of the same curve fit (labeled point

2). The length δv,cusp marks the position where the cusp energy potential begins with respect to the

surface region length Lz,surf.

The two surface states with the highest DOS magnitudes were recorded as Edef1 and Edef2 in

separate tables for each subsection and were measured within 5 Å from the termination layer. This

was done to maintain consistency with where the most prominent surface electronic states were

evaluated in each modeling case.

3.3.1 Cd-Terminated Surfaces

Research Scope

In CdTe-based PV technologies, CdTe surfaces are a critical limiting factor in solar cell efficien-

cies. Research studies indicate that CdTe surface characteristics dictate minority carrier lifetimes

that affect CdTe device performance [102]. However, the relationship between preferential plane

orientations of CdTe surfaces, if any exist, to the optimization of junctions within CdTe PV devices

are not well understood [33]. CdTe terminated surfaces will exhibit differing polarities depending

52



upon which plane orientation and termination layer (Cd or Te) is examined [93,95,96]. As a result,

various plane orientations of the CdTe surface will influence the electronic properties in the device,

especially in areas where interfaces form.

A detailed understanding of the electronic characteristics of CdTe surface plane orientations is

essential to the advancement of CdTe device fabrication processes. In this subsection, the DFT+GF

method has been utilized for studying the electronic properties found in Cd-terminated CdTe(100)

and (111) surfaces [103]. Both the unreconstructed and commonly seen reconstructed CdTe sur-

faces for the (100) and (111) plane orientations have been simulated to evaluate the energy band

alignment characteristics for each case. The pertinent features calculated in the band alignment di-

agrams were quantified and compared to understand their effect on carrier charge transport within

CdTe-based thin film PV devices.

Relaxation Effects

As shown in Figure 3.6 and Figure 3.7, the respective CdTe(100) and CdTe(111) plane orienta-

tions have underwent relaxation (GO) of their surfaces to see how it affects energy band alignment.

The transition that occurs between Figure 3.6a and Figure 3.6b shows the dramatic effect that ge-

ometry optimization has on the unreconstructed CdTe(100) surface as the surface deviates from an

ordered set of Cd and Te rows. More specifically, the Cd atoms along the horizontal boundaries

of the unit cell in the top view of Figure 3.6b tend to move toward each other by 1.854 Å. It is

notable that the CdTe(100) surface flattens out with a single Cd atom being displaced 2.794 Å

from the topmost relaxed layer. Using the unrelaxed CdTe(100) atomic positions as a reference,

the Cd-termination layer and the Te layer beneath it expand by 0.252 Å and 1.642 Å respectively in

the [100] direction. Similar flattening of the surface due to relaxation is seen between the c(2 × 2)

CdTe(100) surface going from Figure 3.6c to Figure 3.6d. With the c(2 × 2) unrelaxed case as the

reference, the c(2 × 2) CdTe(100) surface slightly expands by 0.086 Å with the Te layer beneath

it expanding by 1.713 Å. The observed relaxation effect is due to the removal of two Cd atoms

from the termination layer and at least for the c(2 × 2) case has been observed in other DFT-based

studies [45, 46]. It must be noted that the relaxation procedure as well as the one-probe surface

53



setup in the present work lead to different values for the c(2 × 2) CdTe(100) atomic positions in

the [100] direction. However, the quantitative differences may also be attributed to the greater

relaxation region used in the present work. Nonetheless, the two Cd vacancies lead to a rearrange-

ment of charge that causes the underlying Te layer to expand in the [100] direction to compensate

the effect. The preferred undimerized flat structure obeys the ECR for the Cd-terminated c(2 ×

2) CdTe(100) surface [46, 104] since the number of empty cation (Cd) dangling bonds is equal

to the number of fully occupied anion (Te) dangling bonds. As a result, the dramatic relaxation

effects observed in the CdTe(100) unreconstructed and reconstructed surfaces directly influence

the energy band alignment diagrams and their associated surface electronic states as presented in

the next subsection.

Regarding the CdTe(111) plane orientations, Figure 3.7 provides a clear indication that the (2 ×

2) surface reconstruction is the energetically minimized facet. This is validated by the fact that after

the original CdTe(111) unrelaxed surface in Figure 3.7a undergoes relaxation, a single Te atom is

displaced 2.899 Å from its original position in the [111] direction. After relaxation, the CdTe(111)

(1 × 1) surface tends to have Te atoms residing closer to the surface. The atomic displacements of

the relaxed surface lead to the force-minimized cross-section found in Figure 3.7b, which appears

to be quite disordered in relation to its unrelaxed state. On the other hand, the (2 × 2) CdTe(111)

facet before and after relaxation as seen in Figure 3.7c and Figure 3.7d, respectively, maintains a

well-behaved surface arrangement along the cross-sectional view due to the Cd vacancy. Most of

the atoms in the topmost Cd layer of the CdTe(111) (1 × 1) surface minimally compress by 0.174

Å while the underlying Te layer expands by 0.808 Å in the [111] direction. For the CdTe(111)

(2 × 2) surface, the compressive and tensile displacements for the Cd and Te topmost layers are

0.471 Å and 0.557 Å, respectively. Qualitatively, the resulting displacements and formation of flat

CdTe(111) surfaces are in agreement with other calculations [47, 48]. Again, the explanation for

the resulting planar surface leads back to the (2 × 2) CdTe(111) surface obeying the ECR in a

similar manner as the III-V semiconducting compounds [92, 105]. Within the cross-sectional unit

cell of the unreconstructed CdTe(111) surface, there are an equal number of cations and anions
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Figure 3.6: Perspective views of the respective unrelaxed and relaxed atomic configurations of (a,b) the (1 ×
1) unreconstructed and (c,d) the c(2 × 2) reconstructed CdTe(100) surfaces. Two views are shown along the
transport direction (top subfigure) and perpendicular directions (bottom subfigure) of the one-probe models.
The perpendicular view only shows the last two atomic layers in the surface domain for clarity. All surfaces
are visualized using the indices provided in (a). The “ghost” atoms are shown as translucent circles in (c,d).
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present, each of which exhibit sp3 orbital hybridization. After removing one Cd atom, each of the

three underlying Te atoms that were bonded to the Cd atom are left with occupied dangling bonds.

Geometry optimization of the (2 × 2) CdTe(111) surface allows for atomic layers to shift accord-

ingly to ensure the surface maintains charge neutrality. Thus, the underlying Te layer moves closer

to the Cd termination layer, causing the three occupied dangling bonds from Te to be eliminated

by the empty dangling bonds from the remaining three Cd surface atoms in the cross-sectional unit

cell. The (2 × 2) CdTe(111) surface has been observed experimentally over a wide temperature

range [106], proving its stability as the favorable facet for the CdTe(111) cases.

Energy Band Alignment

Table 3.2: Salient electronic features within each (100) and (111) CdTe one-probe model. δv,cusp indicates
the position where the cusp energy potential Ev,cusp is determined starting from the termination layer. All
energy band alignment values are determined from the macroscopically averaged curve fit of each local
density of states plot. Any +/- values indicate energy values referenced to the Fermi level EF (marked as 0
eV).

Type Facet Eg,CdTe (eV) Ev,surf (eV) δv,cusp (Å) Ev,cusp (eV)

Unrelaxed

CdTe(100)(1 × 1) 1.49 -0.14 n/a n/a
CdTe(100)c(2 × 2) 1.47 +0.28 n/a n/a
CdTe(111)(1 × 1) 1.48 -0.38 n/a n/a
CdTe(111)(2 × 2) 1.47 +0.01 n/a n/a

Relaxed

CdTe(100)(1 × 1) 1.49 -0.15 n/a n/a
CdTe(100)c(2 × 2) 1.50 -0.03 51.926 +0.05
CdTe(111)(1 × 1) 1.40 +0.09 59.017 +0.33
CdTe(111)(2 × 2) 1.46 -0.02 63.746 +0.07

Figure 3.8 shows the energy band alignment of the respective CdTe(100) one-probe models.

As shown in Table 3.2, the band gap energies Eg,CdTe for the CdTe(100) configurations lie between

1.47 eV and 1.50 eV, in agreement with the experimental value of 1.49 eV [34]. Figure 3.8a and

Figure 3.8b are the respective unrelaxed and relaxed one-probe results for the (1 × 1) CdTe(100)
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Figure 3.7: Perspective views of the respective unrelaxed and relaxed atomic configurations of (a,b) the (1 ×
1) unreconstructed and (c,d) the (2 × 2) reconstructed CdTe(111) surfaces. Two views are shown along the
transport direction (top subfigure) and perpendicular directions (bottom subfigure) of the one-probe models.
The perpendicular view only shows the last two atomic layers in the surface domain for clarity. All surfaces
are visualized using the indices provided in (a). The “ghost” atoms are shown as translucent circles in (c,d).
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Table 3.3: Surface electronic state energy levels and DOS magnitudes within each (100) and (111) CdTe
one-probe model. All electronic state energy values for a given facet are chosen according to highest DOS
magnitude and are accurate to within ±5 meV.

Type Facet Edef1 (eV) D(Edef1) (eV-1) Edef2 (eV) D(Edef2) (eV-1)

Unrelaxed

CdTe(100)(1 × 1) +0.07 2.56 × 10-1 +0.01 2.07 × 10-1

CdTe(100)c(2 × 2) +0.61 1.47 × 102 +0.56 4.44 × 10-1

CdTe(111)(1 × 1) +0.23 6.48 × 10-1 -0.40 2.60 × 10-1

CdTe(111)(2 × 2) -0.81 9.73 × 10-3 -0.80 4.74 × 10-3

Relaxed

CdTe(100)(1 × 1) +0.62 5.98 × 101 -0.30 2.45 × 101

CdTe(100)c(2 × 2) +0.68 6.69 × 10-4 -0.96 2.47 × 10-4

CdTe(111)(1 × 1) +0.56 6.80 × 10-2 +0.67 4.72 × 10-2

CdTe(111)(2 × 2) +0.62 7.55 × 10-2 +0.65 1.05 × 10-2

surface. Figure 3.8c and Figure 3.8d are the respective unrelaxed and relaxed band alignment

analyses corresponding to the c(2 × 2) CdTe(100) surface.

In the CdTe(100) unrelaxed case without reconstruction (Figure 3.8a), a shallow downward

bend of -0.14 eV in the valence band forms while negligible band bending occurs in the conduction

band. The valence band bending presents a barrier to the hole majority charge carriers that would

lead to a decreased efficiency if all band alignment features at the back of the absorber layer

were maintained in a complete CdTe device. Furthermore, a large range of surface state levels

extending both above and below the Fermi level EF appear at the CdTe(100) surface. The two

biggest DOS magnitudes for the surface states in the one-probe model exist at +0.07 and +0.01 eV

from the Fermi level. Surface electronic states closer to the Fermi level, at least from a first-order

perspective, are potential avenues for Shockley Read Hall recombination within a CdTe device

if the features were retained at the back of an equivalent CdTe(100) absorber layer. However,

detrimental features are seen in the energy band alignment profile when GO is introduced to the (1

× 1) CdTe(100) surface. The relaxed surface shown in Figure 3.8b continues to have a downward

valence band bend but now contains a wider range of surface state levels. It is evident that within

the present modeling setup the relaxation effects actually worsen the surface states characteristics

for the CdTe(100) (1 × 1) case. It is worth mentioning that the entire screening length of the
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Figure 3.8: Localized density of states mapping across the unreconstructed and reconstructed CdTe(100)
one-probe models separated as unrelaxed (a,c) and relaxed cases (b,d). Plane orientation and reconstruction
type are provided in each image above. The zero energy on the y-axis is referenced by the Fermi level EF of
each respective band alignment profile. The light blue curves are the macroscopically averaged curve fits of
the valence band maximum and conduction band minimum, respectively. Points 1 and 2 in (a) are used to
determined the surface energy potential Ev,surf with details provided in Section 3.3.

CdTe(100) (1 × 1) surface is not fully accomodated, which is why the VBM does not flatten

out near the CdTe bulk region. One way to alleviate the bend would be with a higher doping

concentration than the 2 × 1014 cm-3 value used in the current work. However, a lower doping

concentration was used to reflect typical concentrations seen within intrinsic CdTe PV devices. In

any case, the CdTe(100) (1 × 1) surface leads to unfavorable surface states and downward VBM

bending that are harmful to hole carrier transport toward the back of p-type CdTe solar cell devices.

The CdTe(100) c(2 × 2) surface band alignment depicted in Figure 3.8c provides several note-

worthy differences from the unreconstructed case. First, the valence band has a gradual upward

bend of +0.28 eV as oppose to the negative downward bend seen in CdTe(100) valence band.

By extension, the conduction band also slightly bends upward, which was not observed for the

CdTe(100) (1 × 1) surface. The surface states levels Edef1 and Edef2 for CdTe(100) c(2 × 2) reside

at least +0.50 eV above the Fermi level EF in a concentrated manner rather than throughout the en-

ergy gap. The concentrated DOS of the surface electronic states is primarily due to the remaining

Cd atoms at the CdTe(100) termination layer after creating two Cd vacancies. Since no GO has

been applied to the surface yet, charge compensation has not been achieved along the CdTe(100)
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c(2 × 2) surface and leads to the features seen in Figure 3.8c. Once GO is performed on the

CdTe(100) c(2 × 2) facet, a flattening of the bands is achieved as shown in Figure 3.8d due to the

force-minimized atomic displacements. As mentioned in the previous subsection, relaxation of the

CdTe(100) c(2 × 2) surface into an undimerized, charge neutral surface leads to the fulfillment of

the electron counting model. Along this facet, the surface energy potential Ev,surf of -0.03 eV is

both smaller and opposite in sign from the +0.28 eV surface potential found in the unrelaxed case.

However, the surface states above the Fermi level have virtually disappeared as both surface states

in Table 3.9 have a DOS magnitude of 10-4 eV-1. The second surface state at -0.96 eV nearest the

termination layer resides below the measured bulk VB for CdTe. This is simply due to the chosen

Gaussian width of the macroscopic curve fit only tracing close to the surface based on how the

Gaussian kernel is set up for averaging the VBM. A newly formed cusp energy potential with a

small magnitude Ev,cusp of +0.05 eV is created only for the CdTe(100) c(2 × 2) case. In terms of

charge transport, this shallow energy feature should not significantly impede or enhance carrier

flow. Several pertinent characteristics of the CdTe(100) c(2 × 2) unrelaxed surface are changed

by the applied relaxation to its surface. It is clear that relaxation of the CdTe(100) plane oriented

surfaces has a strong effect on the band alignment features present at the surface.

In accordance with surface polarity, CdTe(100) plane orientations can be classified as macro-

scopically non-polar surfaces if demi-steps (A to B facet steps) are considered [95]. However, the

current atomistic modeling on CdTe(100) surfaces will have some type of charging effect present

that causes the bands to bend as a polar surface. Only the c(2 × 2) reconstruction after relaxation

was able to have flatter bands with minimal surface electronic states as it satisfies the ECR. It is

therefore evident that a relaxed reconstructed c(2 × 2) CdTe(100) surface provides the most favor-

able conditions out of the CdTe(100) cases studied for hole carrier transport in CdTe PV devices.

As shown in Figure 3.9, two different CdTe(111) surfaces were investigated for comparison

to each other as well to the CdTe(100) plane orientations. Figure 3.9a and Figure 3.9b depict

the energy band alignment features present for the unrelaxed and relaxed cases, respectively, for

the (1 × 1) CdTe(111) surface. Figure 3.9c and Figure 3.9d represent the unrelaxed and relaxed
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Figure 3.9: Localized density of states mapping across the unreconstructed and reconstructed CdTe(111)
one-probe models separated as unrelaxed (a,b) and relaxed cases (c,d). Plane orientation and reconstruction
type are provided in each image above. The zero energy on the y-axis is referenced by the Fermi level EF of
each respective band alignment profile. The light blue curves are the macroscopically averaged curve fits of
the valence band maximum and conduction band minimum, respectively. Points 1 and 2 in (b) are used to
determined the cusp energy potential Ev,cusp with details provided in Section 3.3.

cases, respectively, for the (2 × 2) CdTe(111) surface reconstruction. All electronic properties ob-

tained from the band profiles of each CdTe(111) one-probe model are quantified in Table 3.2 and

Table 3.3. An investigation of the CdTe(111) surfaces provides direct insights on how plane ori-

entation affects energy band alignment properties from a spatial representation across the surface

domain.

Band alignment for the unrelaxed CdTe(111) (1 × 1) surface is presented in Figure 3.9a. As

in the CdTe(100) case, the CdTe(111) surface displays a downward valence band bending of -0.38

eV with several shallow surface states that extend far into the surface region (∼ 10 nm). The

conduction band remains relatively flat as the surface states are discretely spaced out across the

energy band gap of the rightmost part of the surface region. As in the CdTe(100) configuration,

the surface electronic states could potentially increase carrier recombination as seen with Edef1

(+0.23 eV) and Edef2 (-0.40) surface states levels with 10-1 eV-1 DOS magnitudes. After relaxing

the CdTe(111) unreconstructed surface, the surface states shift further above EF with an order of

magnitude smaller DOS value. Yet, the most intrigue detail of energy band alignment along the

respective facet was discovered. The relaxed CdTe(111) (1 × 1) case in Figure 3.9b no longer has a
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large downward valence bend but instead has developed a large cusp energy potential Ev,cusp with a

height of 0.33 eV. The resulting cusp feature has been recognized within CdTe PV devices such as

the CdTe/Te interface by means of a photoelectron spectroscopy characterization study performed

by Fritsche et al. [34]. The study demonstrates a hole enhancing feature that resides near the

CdTe/Te interface to facilitate hole transport toward the back of the PV device. Furthermore, a

similar cusp energy potential height was obtained for the computational study of CdTe(111)/Te [81]

that only occurs after relaxation of the CdTe(111) surface. It must be stated the experimental study

by Fritsche et al. was done for polycrystalline CdTe while the results in the current work are

for a pristine (111) oriented CdTe single crystal surface. Nonetheless, it is suggested that the

geometry optimized, unreconstructed CdTe(111) surface can provide an additional mechanism for

hole transport that is not seen in the CdTe(100) cases.

Looking at the CdTe(111) reconstructed case in Figure 3.9c, the CdTe(111) (2 × 2) surface has

a negligible valence band bending effect (Ev,surf = +0.01 eV) than its unreconstructed counterpart.

Furthermore, the surface states levels have decreased appreciably with the highest concentration

of surface states being nearly -0.80 eV below EF. The unrelaxed CdTe(111) (2 × 2) surface shows

distinct differences in band bending and surface states from the (1 × 1) unreconstructed case that

establishes the role of Cd surface vacancies for polarized CdTe facets. After GO is achieved on

the CdTe(111) (2 × 2) surface as shown in Figure 3.9d, an energy potential cusp develops with a

magnitude Ev,cusp = +0.07 eV above the valence band of the bulk CdTe region. The cusp energy

potential occurs δv,cusp = 63.746 Å from the Cd-termination layer of the CdTe(111) (2 × 2) one-

probe model, which is similar to the CdTe(111) (1 × 1) cusp location at 59.017 Å. The δv,cusp value

is within the region length that has been structurally relaxed (GO ∼ 5-6 nm) in the CdTe(111)

surface. Therefore, the spatial position of the cusp energy potential Ev,cusp for both the relaxed

cases of the unreconstructed and reconstructed CdTe(111) one-probe models correlates with the

GO size used to minimize the atomic forces. Similar to the CdTe(100) c(2 × 2) case, the (2 × 2)

surface reconstruction also mitigates the CdTe surface recombination limiting factor brought upon

by surface elecronic states since the CdTe(111) (2 × 2) surface obeys the ECR as described in the
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previous subsection. It is clear that the CdTe(111) (2 × 2) surface decreases the electronic states

that were present in the (1 × 1) relaxed case and still develops a small energy cusp.

The energy cusp in both the CdTe(111) (1 × 1) and (2 × 2) cases provides a new insight in band

alignment that is strictly dependent on the plane orientation and the amount of relaxation present

in the CdTe surface. Although a small energy cusp was seen for the CdTe(100) c(2 × 2) case, the

cusp seen specifically for the CdTe(111) (1 × 1) case has a greater magnitude and thus would lead

to better majority charge carrier (holes) transport at the back of a CdTe device. Two possibilities to

create the same cusp potentials seen in either Figure 3.9c or Figure 3.9d for improved hole current

transport in a CdTe(111) absorber layer are proposed as follows: 1) develop a CdTe deposition

process that relaxes the CdTe(111) (1 × 1) or (2 × 2) surface less than 5 nm from the termination

layer; 2) fabricate a CdTe(111) facet that relaxes 5 nm within the surface but undergoes some

type of etching process that extends past the downward valence band bend while retaining Ev,cusp

> EV,CdTe. The energy cusp readily seen in (111) but minimized in (100) CdTe surfaces reveals the

importance of plane orientation and surface relaxation as some of the possible mechanisms leading

to improved CdTe PV device performance.

Research Impact

The DFT+GF approach to investigating the electronic features of the CdTe surface gives a

detailed picture of atomic-scale electronic behaviors that cannot be studied from surface theory

and classical band alignment models alone. Atomistic modeling of CdTe(100) and CdTe(111)

oriented facets reveals the importance of plane orientation, surface reconstruction, and surface

relaxation to the determination of electronic behaviors in CdTe surfaces.

There is a complex relationship between electronic performance of CdTe to its plane orienta-

tion. Both the (100) and (111) CdTe surfaces lead to a unique description of the band bending

profile that adds to the conventional understanding of CdTe surface polarity. In general, the Cd-

termination layer bends downward with surface polarity determining the amount of bending as

suggested in surface theory [99]. Geometric optimization leads to key insights on how relaxed

CdTe surfaces distribute charge densities that introduce vastly different energy band profiles than
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the unrelaxed cases. For most of the CdTe relaxed variants, the surface electronic states are reduced

by the minimization of atomic forces that may mitigate recombination losses at the CdTe surface.

The investigation of unreconstructed vs. reconstructed CdTe surfaces within their respective

plane orientations provide strong conclusions. In general, the reconstructed surfaces give the most

favorable structural and electronic characteristics that lead to cleaner CdTe energy band align-

ments. Both the CdTe(100) c(2 × 2) and CdTe(111) (2 × 2) reconstructed surfaces obey the ECR

that leads to charge compensated surfaces and thus virtually no surface electronic states. The su-

periority of reconstructed CdTe surfaces indicates how the surface point defects considered in the

study are beneficial along their respective plane orientations.

The most prominent feature seen exclusively for the relaxed CdTe(111) surfaces is the favor-

able energy cusp that forms within the surface band profile. The resulting cusp feature has been

recognized at the CdTe/Te interface (albeit a polycrystalline CdTe layer) with a photoelectron spec-

troscopy characterization study performed by Fritsche et al. [34]. Furthermore, the computational

study on the CdTe(111)/Te interface shown later in Chapter 4 indicates a similar cusp feature ex-

isting within the unreconstructed CdTe(111) region [81]. If the cusp feature along the CdTe(111)

plane orientation could be retained throughout the CdTe fabrication process, it may provide an

additional mechanism for improving hole carrier transport in CdTe PV devices.

The detailed aspects revealed in the DFT+GF modeling approach of CdTe(100) and (111)

facets give a fundamental overview of electronic features in CdTe surfaces. Energy band alignment

from an atomistic computational standpoint enables the understanding of CdTe surfaces without

the reliance on pre-determined band alignment properties required in theoretical models such as

the Anderson Rule [30]. In turn, the spatial characteristics obtained from the DFT+GF CdTe

surface models can later be verified by surface and near-interface characterization techniques such

as photoelectron spectroscopy and time-resolved photoluminescence. The atomistic perspectives

of CdTe surfaces provide further guidance for deposition processes to be modified so as to achieve

optimal CdTe surface properties used in CdTe-based thin film PV applications.
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3.3.2 Te-Terminated Surfaces

Research Scope

The evaluation of Te-terminated CdTe surfaces closely follows the approach from the Cd-

terminated study in Section 3.3.1 to gain a wide perspective of possible surface formations and

their effects on energy band alignment. Although it has been suggested that the Te-terminated

surface is best suited for epitaxial growth applications [96], there is no clear indication that the

Te termination layer will induce favorable electronic features for CdTe PV devices. Thus, an

investigation is made on various unreconstructed and reconstructed Te-terminated CdTe surfaces

for the CdTe(1̄00) and CdTe(1̄1̄1̄) facets. Varied conditions for the Te-terminated surfaces were

investigated to determine whether the filled dangling bonds of Te caused more issues than the

empty dangling bonds of the Cd-terminated CdTe surfaces. Along with the (1 × 1) cases, the c(2

× 2) CdTe(1̄00) and (2 × 2) CdTe(1̄1̄1̄) surface reconstructions were also simulated with the latter

being seen experimentally in other studies [107]. It must be noted that the most stable Te-rich

CdTe{100} (2 × 1) and (3 × 1) facets [104, 108] were not included in the study. However, the

current research problem focuses on distinguishing the effects of a Te-termination layer compared

to the Cd-termination layer for similar hypothetical reconstructions. Spatially-dependent energy

band alignments are obtained from the DFT+GF method for each Te-terminated CdTe surface and

are used for discussing the possible implications they have on CdTe PV device performance.

Relaxation Effects

Figure 3.10 shows the atomic arrangements for each of the unreconstructed and reconstructed

Te-terminated CdTe(1̄00) surfaces, respectively. Previously in the Cd-terminated simulations, the

two surfaces had remarkably different surface structures as the reconstructed case flattened out,

allowing the surface atoms to be positioned in a way where they obeyed the ECR. It was not known

if the CdTe(1̄00) cases would mimic a similar behavior, which was why both were investigated

together.
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Figure 3.10: Perspective views of the respective unrelaxed and relaxed atomic configurations of (a,b) the (1
× 1) unreconstructed and (c,d) the c(2 × 2) reconstructed CdTe(1̄00) surfaces. Two views are shown along
the transport direction (top subfigure) and perpendicular directions (bottom subfigure) of the one-probe
models. The perpendicular view only shows the last two atomic layers in the surface domain for clarity. All
surfaces are visualized using the indices provided in (a). The “ghost” atoms are shown as translucent circles
in (c,d).

66



Prior to GO, the CdTe(1̄00) (1 × 1) case contains alternating Te and Cd layers that are doubly

bonded to each other per atom. From the cross-sectional view, a line of Te and Cd atoms can be

seen between the first two immediate layers of the CdTe surface. After relaxation, the CdTe(1̄00)

(1 × 1) surface has its Te atoms shifted in a manner that leads to anion dimerization. In response,

the surface slightly expands by 0.489 Å in the [1̄00] direction. The newly formed CdTe(1̄00)

surface closely resembles the Te-terminated (2 × 1) CdTe reconstruction [46,104], which is stable

after the formation of the Te-Te single bond along the surface [109]. Thus, CdTe(1̄00) (1 × 1)

appears to have transitioned to a (2 × 1)-like reconstruction after relaxation and may explain why

in its unreconstructed form the CdTe(1̄00) surface without relaxation can be considered an unstable

surface. Dimerized surfaces have been mentioned as one of the mechanisms leading to a charge

neutral surface and thus satisfying the ECR [92], but typically accompanied by a reconstructed

CdTe{100} surface. If the dimerization effect were to form on the CdTe(1̄00) surface as predicted

with the current simulation setup, then that would suggest the surface to be well-behaved for energy

band alignment with less band bending at the surface.

For the CdTe(1̄00) c(2 × 2) facet, there was a significant shift outward by 1.292 Å from the

remaining two Te atoms in the topmost layer of the supercell. The cross-sectional view shows that

there is a small rotational tilt in the bonding arrangement of the two immediate layers. Both effects

are quite different than what was seen along the CdTe(100) c(2 × 2) case where the reconstructed

surface relaxed to a flat, planar formation after creating two Cd vacancies on it. The energy band

alignment presented in the next subsection will prove if the relaxation on the CdTe(1̄00) c(2 × 2)

surface introduces any harmful features to it.

Evaluation of the geometry optimized CdTe(1̄1̄1̄) cases as shown in Figure 3.11 were done

to elucidate patterns between Te and Cd termination layers for surface structural characteristics.

Relaxation of the CdTe(1̄1̄1̄) surface causes the termination layer to slightly expand with the Te

atoms nonuniformly displacing in the [1̄1̄1̄] direction. Along the cross-sectional view perpendic-

ular to the surface, there is little indication of atomic rearrangement present in comparison to that
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seen with the CdTe(111) unreconstructed surface. Thus, the CdTe(1̄1̄1̄) surface tends to retain its

unreconstructed periodicity after relaxing to its force-minimized position.

The relaxed CdTe(1̄1̄1̄) (2 × 2) reconstruction undergoes a radial expansion due to the single

Te vacancy. The surrounding Cd atoms radially move outward by 0.654 Å within the (1̄1̄1̄) plane

while the nearest neighboring Te atoms are slightly displaced as well. The phenomenon is closely

representative of the CdTe(111) (2 × 2) surface, clearly showing the effect of relaxation due to a

surface point defect like the Te vacancy. In the [1̄1̄1̄] direction, the topmost Te layer expands by

0.922 Å with the second Cd layer expanding by 0.613 Å.

The relaxation of the CdTe(1̄1̄1̄) cases again show the optimized surface arrangement that a

Te-terminated surface finds favorable for charge redistribution. The alteration of the reconstructed

surface by GO due to the removal of one Te atom as seen in experimental studies [107] will

influence the atomic displacements that later cause the energy band alignments to change nearest

the surface.

Energy Band Alignment

Figure 3.12 and Figure 3.13 provide all the calculated band alignments for each of the Te-

terminated CdTe facets under investigation. In general, both the CdTe(1̄00) and CdTe(1̄1̄1̄) plane

orientations have a smaller bulk CdTe band gap Eg,CdTe than the CdTe(100) and CdTe(111) planes

for the Cd-terminated cases. This may be attributed to the amount of band bending present in

the Te-terminated simulations and thus longer screening regions that require larger surface domain

sizes to properly accommodate them. The following paragraphs will describe each of the studied

Te-terminated CdTe surface cases in more detail.

In Figure 3.12a, the CdTe(1̄00) (1 × 1) surface prior to GO shows a dramatic upward bend in

both the VBM and CBM. The bending direction is opposite of the Cd-terminated CdTe(100) sur-

face (Figure 3.8) and is correctly attributed to the surface charging that occurs from the cation/anion-

terminated surface as suggested by surface theory (see Section 3.1.2). Along the CdTe(1̄00) facet,

the surface electronic states extend from the VBM at the surface past the Fermi level EF. If the

surface states were to gradually extend from the surface VBM rather than be separated in discrete
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Figure 3.11: Perspective views of the respective unrelaxed and relaxed atomic configurations of (a,b) the (1
× 1) unreconstructed and (c,d) the (2 × 2) reconstructed CdTe(1̄1̄1̄) surfaces. Two views are shown along the
transport direction (top subfigure) and perpendicular directions (bottom subfigure) of the one-probe models.
The perpendicular view only shows the last two atomic layers in the surface domain for clarity. All surfaces
are visualized using the indices provided in (a). The “ghost” atoms are shown as translucent circles in (c,d).
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levels, the available states for charge carrier transport could be beneficial at back of the CdTe ab-

sorber layer. Real surfaces have some type of relaxation during deposition, so the features shown

in Figure 3.12 are idealistic to say the least. That is why the CdTe(1̄00) (1 × 1) surface also has

results after relaxation (Figure 3.12b). The relaxed surface contains little surface electronic states

that exist closer to the CB. An extremely small energy cusp of +0.04 eV appears in the VB while the

CB remains flat. Interestingly, the dimerization seen in the previous subsection for the CdTe(1̄00)

(1 × 1) model has led to the Te dangling bonds on the CdTe(1̄00) plane to be neutralized. The

explanation has been proposed for III-V semiconductor compounds terminated along the {100}

facets [92], but only after the same number of cation vacancies as surface dangling bonds (i.e. the

c(2 × 2) reconstruction) has been created. Although the energy band alignment of the CdTe(1̄00)

facet appears to be well-behaved, the instability of the surface along with the fact that the unre-

constructed surface does not satisfy the ECR deem the CdTe(1̄00) (1 × 1) case to be unlikely to

form.

The CdTe(1̄00) c(2 × 2) surface is reported in Figure 3.12c and Figure 3.12d. It must be noted

beforehand that the Gaussian width used for the relaxed CdTe(1̄00) c(2 × 2) case in Figure 3.12d

was set at 15 Å to avoid the missing data slice artifact that when included gives an erroneous Ev,surf

magnitude. After creating the c(2 × 2) reconstructed surface along the CdTe(1̄00) plane, the band

alignment becomes flatter than its unreconstructed counterpart. Yet, there are a two prominent

surface state levels, one above and the other below the Fermi level EF. The surface states below EF

have a DOS magnitude of 10-1 eV-1 and do reside closer to the VBM nearest the surface. Relaxation

of the CdTe(1̄00) c(2 × 2) surface (Figure 3.12d) causes the VBM to no longer display a slight

downward slope but instead has leveled out toward the bulk region. A negligible energy cusp

potential of +0.01 eV also develops and is not expected to affect charge transport along the bands.

Most importantly, the surface states have significantly decreased due to the surface relaxation.

The detected surface states are mostly located above the Fermi level and have a DOS of 10-1 to

10-4 eV-1. A similar change to the electronic features was seen for the Cd-terminated case, which
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shows that the relaxation and reconstruction effects are necessary for improved electronic features

of CdTe(1̄00) surfaces.

Table 3.4: Salient electronic features within each (1̄00) and (1̄1̄1̄) CdTe one-probe model. δv,cusp indicates
the position where the cusp energy potential Ev,cusp is determined starting from the termination layer. All
energy band alignment values are determined from the macroscopically averaged curve fit of each local
density of states plot. Any +/- values indicate energy values referenced to the Fermi level EF (marked as 0
eV).

Type Facet Eg,CdTe (eV) Ec,surf (eV) Ev,surf (eV) δv,cusp (Å) Ev,cusp (eV)

Unrelaxed

CdTe(1̄00)(1 × 1) 1.43 +0.35 +0.59 n/a n/a
CdTe(1̄00)c(2 × 2) 1.47 -0.02 -0.09 n/a n/a
CdTe(1̄1̄1̄)(1 × 1) 1.42 +0.39 +0.68 n/a n/a
CdTe(1̄1̄1̄)(2 × 2) 1.44 +0.14 +0.26 n/a n/a

Relaxed

CdTe(1̄00)(1 × 1) 1.47 0.00 -0.03 133.650 +0.04
CdTe(1̄00)c(2 × 2) 1.46 0.00 -0.03 99.630 +0.01
CdTe(1̄1̄1̄)(1 × 1) 1.39 +0.44 +0.74 n/a n/a
CdTe(1̄1̄1̄)(2 × 2) 1.46 +0.07 +0.15 188.511 -0.04

Figure 3.13 provides the CdTe(1̄1̄1̄) unreconstructed and reconstructed energy band align-

ments. For the CdTe(1̄1̄1̄) unreconstructed case in Figure 3.13a, the band bending upward is clear

indication that the surface is charging negatively from the Te termination layer as seen for the

CdTe(1̄00) case (see Figure 3.12a). The surface VB and CB heights are Ev,surf = +0.68 eV and

Ec,surf = +0.39 eV, respectively, meaning that there is a strong negative charging effect on the sur-

face. The CdTe(1̄1̄1̄) (1 × 1) surface also contains a number of electronic states that extend past

the Fermi level toward the CB in a discretized manner. There is little change to the overall band

alignment features after GO is applied to the CdTe(1̄1̄1̄) (1 × 1) facet (Figure 3.13b). The mag-

nitudes of the surface VB and CB heights have slightly changed to Ev,surf = +0.74 eV and Ec,surf =

+0.44 eV, respectively. The negative charging at the surface means that charge neutrality has not

been achieved for the surface and thus the CdTe(1̄1̄1̄) (1 × 1) unreconstructed case does not obey

the ECR. The minimal relaxation effects demonstrated in Figure 3.11b explain why there is little

energy band alignment changes in the CdTe(1̄1̄1̄) (1 × 1) case. Despite the perceived benefits of
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Table 3.5: Surface electronic state energy levels and DOS magnitudes within each (1̄00) and (1̄1̄1̄) CdTe
one-probe model. All electronic state energy values for a given facet are chosen according to highest DOS
magnitude and are accurate to within ±5 meV.

Type Facet Edef1 (eV) D(Edef1) (eV-1) Edef2 (eV) D(Edef2) (eV-1)

Unrelaxed

CdTe(1̄00)(1 × 1) -0.01 7.91 × 10-1 +0.08 1.09 × 10-1

CdTe(1̄00)c(2 × 2) -0.60 5.77 × 10-1 -0.55 1.39 × 10-1

CdTe(1̄1̄1̄)(1 × 1) +0.21 3.90 × 10-2 +0.10 2.55 × 10-2

CdTe(1̄1̄1̄)(2 × 2) +0.43 2.94 × 10+2 +0.74 5.64 × 10-2

Relaxed

CdTe(1̄00)(1 × 1) +0.52 2.59 × 10-2 +0.45 7.80 × 10-3

CdTe(1̄00)c(2 × 2) +0.47 1.35 × 10-1 +0.55 1.83 × 10-4

CdTe(1̄1̄1̄)(1 × 1) +0.33 1.92 × 10-2 +0.20 6.17 × 10-3

CdTe(1̄1̄1̄)(2 × 2) +0.57 1.48 × 100 -0.71 4.49 × 10-3

charge neutral surfaces, the upward bend present in the unreconstructed CdTe(1̄1̄1̄) surface would

be advantageous for hole charge transport in the back of the CdTe PV device. The resulting band

alignment feature may possibly suggest that the Te-terminated surface provides a favorable field

effect mechanism for CdTe surfaces.

As expected, the CdTe(1̄1̄1̄) (2 × 2) case leads to a different band alignment than the unre-

constructed version. Figure 3.13c reveals the unrelaxed reconstructed CdTe surface containing

shallower band bending and several electronic surface states. The states measured near the Te-

termination layer as shown in Table 3.5 sit +0.43 and 0.74 eV above the Fermi level EF with the

first state level having a DOS magnitude of 2.94 × 102 eV-1. The surface states appear to be the

main culprit for the banding bending effect and are assumed to be unfavorable as they are discretely

placed at the surface and will thus increase surface recombination. Once the CdTe(1̄1̄1̄) (2 × 2)

surface energy band alignment experiences relaxation as represented in Figure 3.13d, the VB and

CB bands flatten out as seen in many previous cases. Although there are still small magnitudes for

the VBM and CBM traces at the surface (Ev,surf = +0.15 eV and Ec,surf = +0.07 eV from Table 3.4),

the previous surface states have noticeably decreased as a benefit for charge transport across the

surface. The radial expansion of the Cd atoms due to the Te vacancy as seen in Figure 3.11d results

in the cleaner band alignment features. In relation to the Cd-terminated CdTe(111) (2 × 2) surface
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Figure 3.12: Localized density of states mapping across the unreconstructed and reconstructed CdTe(1̄00)
one-probe models separated as unrelaxed (a,b) and relaxed cases (c,d). Plane orientation and reconstruction
type are provided in each image above. The zero energy on the y-axis is referenced by the Fermi level EF of
each respective band alignment profile. The light blue curves are the macroscopically averaged curve fits of
the valence band maximum and conduction band minimum, respectively.

though, the Te-terminated version does still have some surface band bending, indicative of some

charging effect. It cannot be concluded that the CdTe(1̄1̄1̄) (2 × 2) case is charge neutral from the

energy band alignment plot alone and requires further investigation.

Research Impact

The relaxation and reconstruction effects on the non-stoichiometric Te-terminated CdTe(1̄00)

and CdTe(1̄1̄1̄) facets both develop more favorable energy band alignment characteristics that mit-

igate surface recombination. If the electronic features seen in all the localized density of states

plots were present at the back of the CdTe absorber layer, then it would suggest that Te-terminated

surfaces could encourage majority hole carrier transport. If the features were retained toward the

front of CdTe, then the holes would not be impeded to move toward the front while the electron

charge carriers would be hindered by the upward CB bending, resulting in a severly compromised

CdTe PV device. Clearly, the way that the surface terminates during CdTe epitaxial growth will

undoubtedly influence how charge transport behaves in the CdTe PV device.

Amongst the CdTe(1̄00) simulation models, the relaxed CdTe(1̄00) (1 × 1) and c(2 × 2) re-

constructions had the cleanest surface properties. Real-world deposition processes will have some

73



Figure 3.13: Localized density of states mapping across the unreconstructed and reconstructed CdTe(1̄1̄1̄)
one-probe models separated as unrelaxed (a,b) and relaxed cases (c,d). Plane orientation and reconstruction
type are provided in each image above. The zero energy on the y-axis is referenced by the Fermi level EF of
each respective band alignment profile. The light blue curves are the macroscopically averaged curve fits of
the valence band maximum and conduction band minimum, respectively.

type of relaxation on the surface to minimize the energy and forces present on it. If the features in

the two cases could be maintained, then incorporating a controlled deposition method that could

create two Te vacancies on the surface prior to creating an interface between CdTe and a back con-

tact layer would be beneficial for CdTe device performance. Several past studies have stated that

the (2 × 1) Te surface is the stablized reconstruction [104,108], which may certainly give different

results than the two Te-terminated CdTe(1̄00) surfaces under review. Yet, in direct comparison to

the Cd-terminated CdTe(100) cases, both studies make it evident that the c(2 × 2) reconstruction

is the most beneficial and stable facet for either doubly bonded termination layer.

A complex perspective is developed for the CdTe(1̄1̄1̄) unreconstructed and reconstructed sur-

faces. The unrelaxed facets always bend upward, which follows closely with surface theory of

negatively charged surfaces. However, relaxation of the unreconstructed case does not flatten

out the bands, suggesting some charging effect remains for that surface. If the CdTe(1̄1̄1̄) (1 ×

1) surface were to be created for the CdTe PV fabrication process, then there would need to be

some way to passivate the surface so as to eliminate the detrimental surface states. As for the

CdTe(1̄1̄1̄) (2 × 2) reconstruction, no passivation is needed as the surface already satisfies the

ECR according to other studies [107]. One previous study has stated that the CdTe(1̄1̄1̄) surface

74



is the preferable choice for CdTe epitaxial growth [96], which would correlate well with the case

for the energy band alignment results at the back of CdTe absorber layer. However, other studies

have determined CdTe(1̄1̄1̄) surfaces to be highly disordered prior to annealing in comparison to

the Cd-terminated CdTe(111) surfaces [106]. There is a complex relationship with how annealing

can affect the surface characteristics of CdTe(1̄1̄1̄) that are beyond the scope of the research work.

Regarding bulk DFT studies, growing CdTe under Te-rich conditions actually limits the minority-

carrier lifetimes due to recombination centers such as the Te antisite and Te interstitial [40]. As for

intrinsic CdTe surfaces, high surface recombinations on Te-rich CdTe single crystal and polycrys-

talline surfaces [102] also hinder CdTe PV device performance. Therefore, upward band bending

along the Te-terminated CdTe(1̄1̄1̄) facets will certainly not solve all the problems associated with

charge transport. That is why the relaxation effects leading to flattened bands and (2 × 2) sur-

face reconstruction eliminating some of the surface states could be possible pathways that allow

CdTe(1̄1̄1̄) surfaces to be beneficial to CdTe PV devices.

3.3.3 ClTe Formation on CdTe(1̄1̄1̄) Surface

Research Scope

Noteworthy advances in solar cell efficiency for CdTe-based photovoltaic devices is mainly

attributed to the well-known cadmium chloride (CdCl2) passivation treatment. The passivating

effect of CdCl2 involves the substitution of Cl into areas that contain high densities of defects

such as CdTe grain boundaries, enabling inversion from the p-type CdTe interior to a n-type grain

boundary region [110]. Point defects that most likely exist within CdTe bulk [41] may also create

several complex pairs that involve Cl [43], but only one case will be considered in the study.

Two chlorine-related formations on the CdTe(1̄1̄1̄) surface were evaluated in the study: 1) Cl

passivating a Te site (denoted as ClTe), and 2) ClTe acting as the nearest neighbor to a Cd vacancy

along the surface (hereafter written as ClTe-VCd). Both complexes have been determined to be

most energetically stable in the chlorine-doped CdTe bulk under Te-rich growth conditions [44]

but have not been studied along various plane orientations of Te-terminated CdTe surfaces. For
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each Cl-related CdTe(1̄1̄1̄) surface model, the surface Cl concentration was varied after passivating

the Te-terminated CdTe(1̄1̄1̄) (1 × 1) facets. The highly polar CdTe(1̄1̄1̄) surface was expected to

significantly change with the formation of ClTe along the cleaved surface.

Relaxation Effects

Analysis of the ClTe formation on the CdTe(1̄1̄1̄) surface was done for three different variations

of the surface: 1) 25% ClTe, 2) 25% ClTe with a Cd vacancy (VCd), and 3) 50% ClTe. The placements

of the Cl and geometry optimized configurations are shown in Figure 3.14. Only the relaxed

variants were provided as the effects of GO have been clearly established in Section 3.3.1 and

Section 3.3.2. For the 25% ClTe simulation (Figure 3.14a), there were hardly any atomic distortions

seen after GO. An outward displacement of the Cd atoms nearest the ClTe defect results in a Cd-Cl

bond length of 2.64 Å. The structural behavior after GO for the 25% ClTe model follows closely

with what is seen from other literature [44].

After the inclusion of VCd along with 25% ClTe to create a Cl-related complex pair at the

CdTe(1̄1̄1̄) surface (Figure 3.14b), a strong distortion to the surface symmetry is evident. The last

two layers of the model also flatten out. The Te atoms tend to move closer to the Cd vacancy by

0.395 Å from their unrelaxed atomic positions but do not form Te-dimers as suggested in other

work [44].

The final relaxed simulation, which includes 50% ClTe as shown in Figure 3.14c, results in

the Cl atoms moving far enough that the bond formation is not present between the Cd atoms

surrounding it. There is little movement of the surface in the [1̄1̄1̄] direction, showing that the

surface relaxation effect is benign for the 50% ClTe case.

Energy Band Alignment

The energy band alignments provided in Figure 3.15 give a unique outlook on the effect of

ClTe at the CdTe(1̄1̄1̄) surface. Starting with the 25% ClTe concentration in Figure 3.15a, the VBM

and CBM curves bend upward accordingly as they are still charging negatively. The surface band

heights are Ev,surf = +0.63 eV and Ec,surf = +0.37 eV, respectively. A cusp energy potential develops
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Figure 3.14: Perspective views of the relaxed atomic configurations of CdTe(1̄1̄1̄) (1 × 1) surfaces con-
taining (a) 25%, (b) 25% and VCd, and (c) 50% concentrations of ClTe. Two views are shown along the
transport direction (top subfigure) and perpendicular directions (bottom subfigure) of the one-probe models.
The perpendicular view only shows the last two atomic layers in the surface domain for clarity. All surfaces
are visualized using the indices provided in (a).
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with a height of +0.38 eV at a position from the surface δv,cusp = 162.276 Å. If the electronic fea-

tures existed at the back of CdTe, then they would be beneficial for hole majority carrier transport

while creating a barrier for the electron minority carriers. If the features developed in the front of

CdTe, then the electrons would be prevented from flowing toward the junction where they can be

extracted while holes would freely move through it. The cusp energy potential does not provide

any additional assistance as its energy level is still lower than Ev,surf. The ClTe defect is said to

create a donor-like state, which is not immediately present in the calculated energy band alignment

of Figure 3.15a. It may be that since the band gap is smaller at the surface, the neutral state level

simply resides within the CB.

The energy band alignment in Figure 3.15b for the 25% ClTe-VCd complex pair has many

identical features as the previously discussed band alignment for the 25% ClTe CdTe(1̄1̄1̄) surface

model. Despite the similarities, the Cd vacancy introduces a number of electronic states at the

surface that exist around +0.32 eV above EF. If Ev,surf is instead used as the reference, the states

reside between 0.00 to +0.35 eV within the energy level region where shallow acceptors are located

for a Cd vacancy. Thus the electronic states seen are positioned higher at the surface due to the

significant upward bend in the VB. The position of the VCd energy level is in qualitative agreement

with bulk CdTe defect analysis from outside literature [38].

The inclusion of 50% ClTe on the CdTe(1̄1̄1̄) surface levels out the VBM and CBM curves

as shown in Figure 3.15c. The surface band heights are negligible with relatively little surface

states in comparison to the other two simulation models with lesser Cl concentration. If the Te-

terminated CdTe(1̄1̄1̄) surface required flat bands at either junction of the absorber layer, then a

Cl concentration closer to 50% would be effective at achieving such a desired band alignment

behavior.

Research Impact

The formation of Cl replacing certain Te sites at the CdTe surface leads to an intriguing pos-

sibility for the removal of detrimental surface states that exist along the Te-terminated CdTe(1̄1̄1̄)

surface. The inclusion of closer to 50% Cl at the CdTe surface eliminates any dangling bond for-
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Table 3.6: Salient electronic features within each CdTe(1̄1̄1̄) + ClTe one-probe model. δv,cusp indicates the
position where the cusp energy potential Ev,cusp is determined starting from the termination layer. All energy
band alignment values are determined from the macroscopically averaged curve fit of each local density of
states plot. Any +/- values indicate energy values referenced to the Fermi level EF (marked as 0 eV).

Type Facet Eg,CdTe (eV) Ec,surf (eV) Ev,surf (eV) δv,cusp (Å) Ev,cusp (eV)

Relaxed
ClTe (25%) 1.39 +0.37 +0.63 162.276 +0.38

ClTe (25%) + VCd 1.39 +0.44 +0.66 166.952 +0.42
ClTe (50%) 1.46 +0.01 -0.01 143.570 +0.03

Table 3.7: Surface electronic state energy levels and DOS magnitudes within each CdTe(1̄1̄1̄) + ClTe one-
probe model. All electronic state energy values for a given facet are chosen according to highest DOS
magnitude and are accurate to within ±5 meV.

Type Facet Edef1 (eV) D(Edef1) (eV-1) Edef2 (eV) D(Edef2) (eV-1)

Relaxed
ClTe (25%) -0.09 3.28 × 10-2 -0.16 8.59 × 10-3

ClTe (25%) + VCd +0.13 4.44 × 10-1 +0.32 5.94 × 10-2

ClTe (50%) -0.73 2.57 × 10-2 -0.79 1.03 × 10-2

mation caused by Te atoms due to Cl having a higher electronegativity and one less electron charge

than surface Te.

Interestingly the ClTe formation layer at high enough concentrations lead to one of two things:

1) alleviation of the upward band bending and 2) minimization of the deleterious effects found at

the Te-terminated surface along the (1̄1̄1̄) plane associated with dangling bonds. It is evident that

50% ClTe yields a highly favorable surface that would reduce surface recombination velocity and

improve CdTe device efficiency.

3.3.4 TeO2-Monolayer + ClTe Formation on CdTe(111) Surface

Research Scope

Experimental studies on CdTe surfaces [111, 112] have seen evidence of a native tellurium

dioxide (TeO2) layer that has led to low interface charge density and thus significant improvements

to CdTe electronic properties. It has been suggested that a selective oxidation process occurs on the
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Figure 3.15: Localized density of states mapping across the CdTe(1̄1̄1̄) (1 × 1) one-probe models containing
(a) 25%, (b) 25% and VCd, and (c) 50% concentrations of ClTe. Concentration amounts are provided in each
image above. The zero energy on the y-axis is referenced by the Fermi level EF of each respective band
alignment profile. The light blue curves are the macroscopically averaged curve fits of the valence band
maximum and conduction band minimum, respectively.

CdTe(111) (1 × 1) surface and subsurface with an excess of Te atoms on the CdTe facet [113]. A

renewed interest in recent years on TeO2 within CdTe devices [114, 115] suggest the development

of a tellurium dioxide layer after CdCl2 in an oxygen ambient deposition environment may be

responsible for some form of passivation of CdTe surfaces. It is thought that the oxygen atoms

replace the Cd atoms before and after the last Te layer during the passivation treatment. However,

there is no clear understanding from an atomic-scale perspective as to what the oxide layer does

to the electronic properties of CdTe surfaces. Therefore, a TeO2 monolayer formation on the

CdTe(111) (1 × 1) surface [113] was modeled to determine what effects TeO2 has when it forms

on a CdTe polar surface.

Energy Band Alignment

The surface model was constructed by using a CdTe(111) Cd-terminated surface and replacing

the cadmium atomic layers behind and in front of the last Te layer of the CdTe surface with oxygen

atoms. It is worth noting that the modeled form of Te surrounded by two O atoms is from hereon

referred to as “TeO2” with no relation to the conventional description of a crystalline TeO2 layer.

The various crystalline forms of TeO2 have larger direct band gaps than CdTe [116–118], however
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none of them are modeled in the current study. The surface model strictly relies on the assumption

that Te and O atoms diffuse to their respective positions following the CdTe(111) (1 × 1) atomic

arrangement as suggested by Kowalski et al. [113]. Hydrogen atoms were placed on the end of the

last oxygen termination layer to eliminate any residual dangling bonds from the TeO2 monolayer.

The extra hydrogen passivation ensured that only the interface between CdTe and TeO2 was eval-

uated and not the TeO2 surface itself. Figure 3.16 provides a comparison of the TeO2-terminated

model without and with two different concentrations of ClTe defects on the surface.

In Figure 3.16a, a large amount of deformation occurs to the TeO2 monolayer. The optimization

process causes each individual atom with TeO2 to shift accordingly so as to minimize the forces

present on the surface. The oxidation process is said to diffuse oxygen into the CdTe subsurface

and creates an amorphization of the CdTe surface [113], which certainly describes how the CdTe

surface looks after the TeO2 relaxation. The resulting band alignment shown in Figure 3.17a

depicts how relaxation has caused several surface electronic states to concentrate close to the Fermi

level EF. Secondly, a noticeable cusp energy potential with a magnitude of 0.56 eV above the CdTe

bulk VBM develops at a similar location as the original CdTe(111) (1 × 1) surface (compared with

Figure 3.9b). Once again, the cusp feature is created within the geometry optimized region of the

surface model at the location δv,cusp. Thirdly, the VBM near the surface fluctuates slightly while

the CBM remains relatively constant starting at δv,cusp. In comparison to the original CdTe(111)

surface in Figure 3.9b, the addition of a TeO2 monolayer does not cause the VB to bend downward.

Evidently the TeO2 monolayer by itself can create some sort of field effect that encourages hole

transport toward the back of the CdTe PV device. However, the large number of electronic states

that reside near the Fermi level could impede carrier flow and as a result counteract some of the

improvements gained from the field effect.

The introduction of 25% ClTe along with the TeO2 monolayer in Figure 3.16b leads to peculiar

features that differ from the TeO2-only case. After replacing one Te atom joining the CdTe(111)

surface to the TeO2 monolayer with Cl (marked in yellow), the surface is much more well-behaved

in terms of relaxation. Despite the improved structual appearance, the energy band alignment for
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Figure 3.16: Perspective views of the relaxed atomic configurations of CdTe(111) (1 × 1) surfaces contain-
ing (a) the TeO2 monolayer only, (b) TeO2 with 25% ClTe, and (c) TeO2 with 50% ClTe. The view is shown
only along the transport direction with the axis orientation provided in (a).

CdTe(111) (1× 1) + TeO2 + 25% ClTe (Figure 3.17b) reveals a significant range of electronic states

near or below EF. Notably, the VBM curve also bends downward to significantly decrease the Ev,surf

magnitude by 0.59 eV as it approaches the vacuum region. The CBM curve maintains a plateau

with a Ec,surf magnitude of 0.31 eV as it reaches the surface, a value that is 0.16 eV lower than the

TeO2-only model. At the same time, the Ev,cusp height decreases by 0.19 eV after including 25%

ClTe. The CdTe(111) surface model with TeO2 and ClTe does contain lower DOS magnitudes than

the original TeO2 monolayer case. However, the modeling case would still suffer from hinderances

to hole majority carrier charge transport due to the VB downward bending and wide range of

surface states. The electron minority carriers, on the other hand, continue to experience a large

field effect from Ec,surf, showing that lower Cl concentration maintains the CB barrier seen in the

first case. The results illustrate the dramatic role that chlorine substitutional defects can play for

CdTe(111) (1 × 1) surface energy band alignment.

The last surface model studied incorporated 50% ClTe between the CdTe(111) Cd sublayer

and TeO2 monolayer. Figure 3.16c reveals that the TeO2 monolayer flattens out and maintains a

structured periodicity. The consequential energy band alignment plotted in Figure 3.17c comprises

of a shift in surface states above the Fermi level with the surface VB preserving its downward

bending feature. Furthermore, the CBM curve now bends downward as well, imitating many of the

electronic characteristics seen in the original relaxed CdTe(111) (1 × 1) surface (Figure 3.9b). The
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Figure 3.17: Localized density of states mapping across the CdTe(111) (1 × 1) one-probe models combined
with (a) a TeO2 monolayer, (b) TeO2 + 25% ClTe, and (c) TeO2 + 50% ClTe. Labels for the individual
modeling cases are provided in each image above. The zero energy on the y-axis is referenced by the Fermi
level EF of each respective band alignment profile. The light blue curves are the macroscopically averaged
curve fits of the valence band maximum and conduction band minimum, respectively.

main difference is that the newly formed TeO2 monolayer with 50% ClTe causes the cusp energy

potential Ev,cusp to display a height of +0.46 eV above the bulk CdTe VBM. The new height is

nearly 0.13 eV greater than the cusp energy potential obtained from the unreconstructed CdTe(111)

surface energy band alignment. Based on the results, the combination of a TeO2 monolayer and

higher Cl concentration acquires similar energy band alignment properties as the CdTe(111) (1 ×

1) surface except for a noticeably larger cusp energy potential.

Table 3.8: Salient electronic features within each CdTe(111) + TeO2 monolayer one-probe model. δv,cusp

indicates the position where the cusp energy potential Ev,cusp is determined starting from the termination
layer. All energy band alignment values are determined from the macroscopically averaged curve fit of each
local density of states plot. Any +/- values indicate energy values referenced to the Fermi level EF (marked
as 0 eV).

Type Facet Eg,CdTe (eV) Ec,surf (eV) Ev,surf (eV) δv,cusp (Å) Ev,cusp (eV)

Relaxed
TeO2 1.38 +0.47 +0.66 174.448 +0.56

TeO2 + ClTe (25%) 1.42 +0.31 +0.07 173.455 +0.37
TeO2 + ClTe (50%) 1.40 +0.13 +0.04 177.240 +0.46
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Table 3.9: Surface electronic state energy levels and DOS magnitudes within each CdTe(111) + TeO2

monolayer one-probe model. All electronic state energy values for a given facet are chosen according to
highest DOS magnitude and are accurate to within ±5 meV.

Type Facet Edef1 (eV) D(Edef1) (eV-1) Edef2 (eV) D(Edef2) (eV-1)

Relaxed
TeO2 +0.24 2.76 × 10+2 +0.85 5.02 × 10-1

TeO2 + ClTe (25%) +0.10 6.98 × 10-2 -0.11 6.12 × 10-2

TeO2 + ClTe (50%) +0.59 1.94 × 100 +0.71 3.39 × 10-1

Research Impact

The relaxed CdTe(111) + TeO2 monolayer surface configurations and calculated band diagrams

give a unique perspective on how certain electronic properties are modified due to the resultant

oxidation process. The TeO2 monolayer creates several detrimental electronic surface states but

creates favorable band alignment attributes that would be beneficial for selective charge carrier

transport at the back of the CdTe absorber layer. The same benefits cannot be applied to the front

of CdTe as the electronic features would hinder the appropriate charge carriers from flowing along

their preferred transport directions. The inclusion of substitutional chlorine at increasing concen-

trations eventually makes the surface configuration behave as if it were the CdTe(111) (1 × 1)

surface without an additional monolayer or substitutional defect. A 50% ClTe concentration with

the TeO2 monolayer does include a bigger cusp energy potential than the CdTe(111) surface only.

But the higher Cl concentration does not remove all surface states as seen for the CdTe(1̄1̄1̄) + 50%

ClTe simulation model (Figure 3.15c). Clearly, a fine balance is necessary between what modifica-

tions are applied to the CdTe polar surfaces by means of oxidation and Cl concentration. Equally

important is the effect of termination layer on how the perceived Cl passivation effect is best op-

timized for CdTe polar surfaces. The complex relationship between relaxation, termination layer

and oxide/defect formation on CdTe surfaces provide a comprehensive outlook on the necessity

for atomistic modeling of CdTe surfaces for CdTe-based PV applications.
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3.3.5 Limitations of CdTe Surface Studies

The DFT+GF method for simulating CdTe surfaces demonstrates its efficacy in determining

energy band alignments from an atomistic viewpoint as opposed to the conventional heuristic the-

ories such as the Anderson Rule. However, several limitations have developed as a result of the

current simulation setup that must be brought to the reader’s attention.

The first limitation is that some simulation domain sizes may have resulted in less accurate

bulk CdTe band gap values that initially were in good agreement with experimental values for

DFT bulk calculations. The reason for the discrepancy is that the calculated electrostatic potentials

after solving Poisson’s equation for polar CdTe surfaces contained large magnitudes for V (z) in

(3.1). To accommodate the effect, the depletion width zdep must be sufficiently long enough as the

electrostatic potential moves further from the surface (increases in z) and converges to the bulk

value. If the system size is not extended far enough to capture the screening length, then there will

be a slight decrease to the CdTe band gap Eg,CdTe as measured by the macroscopic average. One way

to compensate for the screening length without physically increasing the domain size would be to

increase the doping concentration within the CdTe surface model. This would effectively increase

NA in (3.1), forcing the depletion width zdep to decrease and thus arrive at the same electrostatic

potential V (z) magnitude. Since the typical p-type concentration in intrinsic polycrystalline CdTe

absorber layer is 2 × 1014 cm-3, the depletion width for some of the CdTe surface models was

too large to capture with the modeling domain size used. Despite the slightly underestimated bulk

CdTe band gaps, the typical CdTe surface domain lengths were ∼20 nm, which is much larger than

conventional DFT simulations to date. Thus it is expected that the CdTe surface simulations under

consideration still offer valid surface energy band alignments.

The second limitation is that thermodynamic processes involved in CdTe deposition are not

described at all within the current CdTe surface studies. The DFT+GF one-probe models only cal-

culate the electronic properties at temperature T = 0 K, meaning that only the ground state energy

is considered throughout the system domain and not excited state energies. One way to possibly

include thermodynamic effects in the system would be to first simulate the thin film deposition
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process by means of molecular dynamics (MD) algorithms. MD simulations are used to describe

the statistical ensembles of systems while at the same time allowing for the system to change in

response to temperature. If the CdTe deposition process could be initially simulated by MD with

temperature effects included, then the energy band alignment of the resulting CdTe surface after

MD can be calculated using the DFT+GF method. A similar concept is proposed in Chapter 5 and

is planned to be implemented in future surface and interface studies.

The last limitation is related to the description of the CdTe surface itself. Although care was

taken to model possible unreconstructed and reconstructed CdTe surfaces seen within experimental

studies of CdTe epitaxial growth, not all possible surface periodicities were investigated. Further-

more, the models are simplified representations of single crystal CdTe facets oriented along one

plane, which is not entirely accurate if applied to more complex surfaces found on polycrystalline

CdTe thin film layers. A large CdTe surface system with various CdTe grains terminating with

different orientations and species would be most representative of actual CdTe surfaces during less

controlled deposition techniques such as close space sublimation. However, the work is limited in

computational resources available for such a complex system, even with the usage of the Summit

supercomputer [56]. Nonetheless, the sophisticated high-fidelity DFT+GF one-probe models of

the CdTe surface at the very least provides a new atomistic perspective of surface energy band

alignment not performed within the CdTe research community.

3.4 Summary of Key Findings

The DFT+GF one-probe models of the CdTe surfaces elucidates the various effects on energy

band alignment due to plane orientation, termination layer, surface relaxation and reconstruction.

The CdTe surfaces were organized into four general classification studies, each adding its own

unique piece to the atomistic modeling puzzle used to describe any possible mechanisms affecting

CdTe PV device performance. The following list summarizes the major key findings associated

with the four main CdTe surface studies:
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Cd-Terminated CdTe Surfaces

1. Unrelaxed (1 × 1) plane orientations of the Cd-terminated CdTe surfaces dictate the surface

potential magnitude. The unrelaxd polar CdTe(111) surface in general bends downward

more than the CdTe(100) surface as proposed by surface polarity.

2. Stable surface reconstructions for Cd-terminated CdTe surfaces improve the energy band

alignment profiles due to the charge neutrality conditions achieved by respective Cd vacan-

cies. Both the CdTe(100) c(2 × 2) and CdTe(111) (2 × 2) facets satisfy the electron counting

rule and are thus accompanied by well-behaved energy band alignments.

3. Relaxation of the CdTe surfaces provide cleaner surface electronic properties and are more

representative of the characteristics seen for actual CdTe surfaces.

4. A newly identified electronic feature described as an cusp energy potential develops only

after relaxation of the CdTe surface, primarily for the CdTe(111) plane orientation. The cusp

energy potential is proposed as one of the mechanisms leading to enhance hole majority

carrier transport at the back of the CdTe absorber layer and may improve CdTe PV device

performance.

Te-Terminated CdTe Surfaces

1. Te-terminated CdTe surfaces cause the VB and CB to bend upward due to a negative charging

effect at the termination layer. The band bending behavior is opposite to the Cd-terminated

CdTe surfaces, which correctly follows surface theory. The Te-terminated surface energy

potential magnitudes are typically greater than the Cd-terminated ones and could possibly

assist with charge transport due to a strong field effect resulting from band bending.

2. Higher numbers of surface electronic states are present for Te-terminated CdTe surfaces in

comparison to the Cd-terminated cases. It is uncertain if such states are secondary pathways

for hole carrier transport or if they only act as traps due to how closely spaced together they

are along the surface.
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3. Similar improvements to energy band alignment are realized for the CdTe(1̄00) c(2 × 2)

and CdTe(1̄1̄1̄) (2 × 2) surface reconstructions as in the Cd-terminated cases. Again, the

reconstructed CdTe surfaces obey the ECR and thus present minimal surface states compared

to their unreconstructed variants.

4. Cusp energy potentials still appear in the CdTe(1̄1̄1̄) cases at similar relaxation length loca-

tions. However, the upward band bending in the energy band alignments mask their possible

effect on charge transport.

CdTe(1̄1̄1̄) Surface + ClTe-Formation

1. Cl concentrations near 25% on the relaxed CdTe(1̄1̄1̄) surface still retain the upward band

bending present in the original CdTe(1̄1̄1̄) cases. There is no significant difference in the

surface electronic states as well.

2. The combination of a Cd vacancy along with 25% ClTe creates more surface states and may

actually be more harmful for CdTe PV device performance.

3. Optimized energy band alignment conditions are achieved for 50% ClTe with flatter bands

and a significant reduction to surface electronic states.

CdTe(111) Surface + TeO2 Monolayer + ClTe-Formation

1. All TeO2 monolayer (according to the proposed oxidation process) one-probe models with-

out and with ClTe develop larger cusp energy potentials than the original CdTe(111) surface.

2. TeO2 monolayer contains surface states closer to the Fermi level but also flattens the CB and

VB near the surface.

3. TeO2 + 25% ClTe results in the VB bending downward but the CB remaining flat closer to

the surface.

4. TeO2 + 50% ClTe contains energy band alignment features that closely resemble the original

CdTe(111) surface. The single major difference is a larger cusp energy potential, which may

increase hole majority carrier transport at the back of CdTe PV devices.
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Overall, the DFT+GF one-probe model provides a complex description of CdTe surfaces from

an atomistic perspective that is beyond the scope of theoretical models such as the Anderson Rule.

The powerful computational method allows for a comprehensive explanation of how various CdTe

surface characteristics alter the energy band alignment features. As a result, the DFT+GF one-

probe model has wide application for determining the electronic aspects of thin film surfaces with

the potential to advance their respective semiconductor and PV technologies.
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Chapter 4

DFT+GF Two-Probe Modeling of the CdTe/Te

Interface

The development of well-behaved heterostructures have led to the success of thin film semicon-

ductor technologies in past decades. The famous quote made by Nobel Physics Laureate Herber

Kroemer states that “the interface is the device” [119], reaffirming the essential role that inter-

faces play in semiconductor devices. Much debate has existed within the research community as

to what is the most appropriate representation for interfaces and their underlying electronic char-

acteristics. As previously mentioned in Section 1.2, one common yet simplistic model used for

energy band alignment at the interface is the Anderson Rule [30]. However, the Anderson Rule

neglects complex electronic features that are dependent upon atomic-scale attributes found at the

interface. In fact, nonuniform semiconductors caused by non-homogeneous impurity distributions

and/or elastic strains will separately alter the CB and VB band bending features [120]. That is why

an atomistic modeling approach to energy band alignment is necessary for accurately calculating

the electronic features seen at the interface regions between two dissimilar materials.

This chapter focuses primarily on energy band alignment of the CdTe absorber layer and the Te

back contact using DFT coupled with Green’s function. The study utilized the two-probe interface

model to describe the electronic phenomena that occurs at the CdTe/Te interface when different

plane orientations and terminated surfaces are applied at the junction. It was expected that CdTe/Te

interface would exhibit similar energy band alignment characteristics as the CdTe surface models

described in Chapter 3 with an additional charging effect on the terminated surface. A full inves-

tigative procedure of the CdTe/Te interface is provided throughout the following sections.
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4.1 Introduction

Advancements in CdTe-based thin film solar cell technologies have led to significant improve-

ments in device efficiencies in recent decades. As mentioned in Section 1.1, CdTe PV research

performed at Colorado State University has resulted in the achievement of an overall CdTe PV cell

efficiency of 19.2% [23], in part due to the implementation of a Te back contact in the CdTe device

configuration. The device architecture for the typical CdTe solar cell with the inclusion of a Te

back contact is illustrated in Figure 4.1a. CdTe absorber layers that directly form a junction with

metal back contacts usually develop Schottky back barriers that lead to decrease fill factors [121]

and thus compromised CdTe PV device performances. There is some suggestion that an optimized

concentration of Te acting as a back surface field layer tends to increase the short circuit current

and fill factor of the CdTe solar cell [122]. Te layer thicknesses around 30 nm and above are suit-

able for obtaining the benefits in CdTe thin film PV and avoid the inversion from p-type to n-type

character in the Te layer that occurs at thicknesses less than 5 nm [84]. Figure 4.1b demonstrates

the current density vs. voltage (J-V) curves that characterize the electronic behavior of actual CdTe

devices without and with an evaporated Te back contact. It is clear that without Te the J-V curve

develops a kink with increasing voltage bias that negatively impacts the device efficiency. On the

other hand, the Te layer creates a favorable back contact between the CdTe absorber layer and back

metal electrode that restores the diode characteristics essential to CdTe device performance. It is

important to emphasize the fact that both experimental CdTe PV devices do not contain intentional

Cu doping, validating the fact that the Te back contact somehow leads to improved J-V properties.

However, the mechanisms responsible for the enhanced CdTe device performance after using a Te

back contact layer are not well understood. The two-probe DFT+GF CdTe/Te interface model was

developed with the intention of shedding light on the factors responsible for improved CdTe device

performance after depositing a Te back contact onto CdTe.

The reason for modeling the CdTe/Te interface is to distinguish the mechanisms leading to

improved charge carrier behavior at the interface. As mentioned in Section 1.2, Anderson’s Rule

references a common vacuum energy level for the bulk materials in the system, whereupon the
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Figure 4.1: (a) Typical CdTe device configuration with the region of interest for DFT+GF modeling of the
CdTe/Te interface; (b) experimentally measured J-V curve without (red curve) and with (blue curve) a Te
back contact in the CdTe PV device configuration.

electron affinities χ and band gaps Eg of the bulk materials are used to construct the band alignment

and calculate the resulting electronic properties due to band offsets (see Figure 1.4). Anderson’s

Rule does not accomodate for plane orientation, interface states, lattice mismatch, and termination

layers at the interface and thus cannot accurately capture the complex phenomena that occurs at

the CdTe/Te interface. That is why a detailed atomistic modeling approach based on the DFT+GF

method was implemented to explore the different effects that interfacial properties (i.e. plane

orientations, terminated surfaces and relaxation) have on the CdTe/Te interface.

Evaluation of the fourth hypothesis was carried out by studying the CdTe(111)/Te(0001) and

CdTe(1̄1̄1̄)/Te(0001) interfaces. As a reminder, the fourth hypothesis assumes that the CdTe/Te

interface can be constructed by adding either the unrelaxed or relaxed CdTe and Te surface results

together along with an interface dipole in the form of a superposition. The hypothesis relies on the

understanding that both the unrelaxed and relaxed termination layers of the surface models with
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the same plane orientation dictates banding bending features. The surface behavior was expected

to project the same characteristics after forming a junction between the CdTe facet with the Te thin

film layer that includes an interface dipole before and after relaxation.

4.2 Computational Details

The two-probe model setup was performed with the QuantumATK software and consisted

of a Cd and Te-terminated CdTe layer that was oriented along the{111} family of planes while

the Te layer was oriented only along the (0001) plane. Another two-probe model with the (100)

plane orientation for Cd-termintated CdTe was combined with Te(0001) layer to understand how

plane orientation affected interfacial energy band alignment. The modeling domain sizes for the

CdTe(111)/Te(0001) and CdTe(100)/Te(0001) interfaces as well as electronic and structural pa-

rameters are shown in Table 4.1. All CdTe/Te interface simulations were performed with the

FHI+OMX pseudopotentials with their respective double-zeta polarized and low (s2p2d1) basis

sets under the LCAO scheme. As in the surface modeling cases, the LDA-PZ exchange-correlation

functional was used for all DFT+GF two-probe modeling calculations. A one-probe surface model

for the Te(0001) facet was calculated and used the exact same parameters as the two-probe models

to later verify fourth hypothesis in Section 4.3.3. The two-probe CdTe/Te interface simulations

were calculated with a Monkhorst Pack grid for the k-point sampling distribution. The number of

k-points used for the CdTe{111}/Te models was 7 × 7 × 100 (4.421 Å × 4.421 Å × 178.631 Å)

while the CdTe(100)/Te models used 3 × 6 × 150. All simulations used a density mesh-cutoff

of 2200 eV. A Hubbard-U correction was applied to the Cd-4d and Te-5p orbitals of CdTe{111}

simulations with values UCd−4d = 4.60 eV and UTe−5p = 2.55 eV, respectively, to yield a CdTe band

gap value comparable to the experimental measurement of 1.49 eV [34]. For the thin film Te layer,

only the Te-5p subshell with a value of UTe−5p = 0.73 eV was applied to establish a proper band

gap value close to the experimental value of 0.33 eV [123].

The Te layer had an in-plane mean absolute strain associated with it (see Table 4.1) while the

CdTe layer lattice parameter was kept equal to the experimental value of 6.480 Å [77]. It was

93



assumed that the strain should only be applied the Te layer since during the fabrication process Te

is evaporated as the thinnest layer on the CdTe absorber layer. The poisson effect created by the

in-plane strain on Te was included in all simulations by relaxing the Te bulk electrode cell in the

z-direction until the stress was below 0.005 eV/Å3. It was later verified that accomodating for the

poisson effect did not make a significant difference to electronic properties at the CdTe/Te interface

but were still included for consistency.

Geometry optimization with a force threshold of 0.01 eV/Å was carried out for all relaxed

CdTe{111}/Te(0001) simulation studies. As for the CdTe(100)/Te(0001) two-probe model, a value

of 0.02 eV/Å was established due to the significantly larger system size and thus higher computa-

tional demand. At least 5 nm on the CdTe side and Te side nearest the CdTe/Te interface were re-

laxed, following a relaxation domain size similar to the CdTe surface modeling cases. The domain

lengths for the central regions of the CdTe(111) and CdTe(100) plane orientations in the CdTe/Te

interface models are depicted in Figure 4.2. Large domain sizes in each simulation were used in

an attempt to account for screening effects that involved band bending over several nanometers

that similarly occurred for the CdTe surface simulations. Secondly, the decay of interfacial elec-

tronic states between the Te layer band edges needed to be accomodated with an increased domain

size to minimize their effects on modeling convergence. However, computational demands due to

the supercell sizes have limited their dimensions to current modeling sizes. Semi-infinite boundary

conditions consisting of the CdTe left electrode and Te right electrode were used for the calculation

of the system as illustrated in Figure 4.2.
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Figure 4.2: (a) CdTe(111) and (b) CdTe(100) plane oriented CdTe/Te interface model schematics with
typical lengths along the YZ plane for the central region. The bottom inset of (a) and (b) are the cross-
sectional views of the models along the YX plane for clarity of the supercell size. The domain cross-sectional
lengths Lv1 and Lv2 are both 4.582 Å in (a), while for (b) they are 7.637 Å and 4.582 Å, respectively.

95



Table 4.1: Two-probe modeling domain parameters for the unrelaxed (u) and relaxed (r) CdTe/Te interfaces. Both the “bulk” and “cr” subscripts
denote the bulk and central region, respectively.

Model Interface Carrier Conc. Lz,bulk (Å) Lz,cr(u) (Å) Lz,cr(r) (Å) Nbulk Ncr Mean Abs. Poisson Effect,
Layers (p-type), ρ (cm-3) Strain (%) ∆z/z (%)

1,2 CdTe(111)/
Te(0001)

2e14 11.224 615.900 616.237 6 330
1e20 5.852 323.211 322.625 3 165 2.03 1.06

3,4 CdTe(1̄1̄1̄)/
Te(0001)

2e14 11.224 615.900 615.191 6 330
1e20 5.852 322.777 323.315 3 165 2.03 1.06

5 CdTe(100)/
Te(0001)

2e14 6.480 n/a 207.385 20 640
1e20 5.899 n/a 106.783 18 324 1.30 0.27
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4.3 Results and Discussion

Evaluations of the unrelaxed and relaxed CdTe/Te interfaces with respect to termination layer

and plane orientation were performed for the DFT+GF two-probe models listed in Table 4.1. A

detailed study of the three models was necessary to capture all the electronic and structural de-

pendencies that the CdTe/Te interface exhibits on an atomic-scale. Conclusions were made on the

interfacial mechanisms contributing to and/or hindering the improvement of CdTe device perfor-

mance. Lastly, verification of the fourth hypothesis was done to determine whether the CdTe and

Te surface models could effectively describe the combined effects residing at the CdTe/Te interface

region.

4.3.1 Interfacial Energy of CdTe{111}/Te(0001) Interfaces

The interfacial energy γint of the CdTe/Te interface was used to determine the energetics of

interaction between the CdTe and Te layers that create the interface region. As opposed to the

surface energy of a system, which must always be positive to be stable, the interfacial energy can

be positive or negative. A negative value would denote a more thermodynamically stable system

than the separate systems in isolation [124]. The following equation describes the method of

calculating the interfacial energy γint using the two-probe modeling approach:

γint =
1

2A

[

Etot,int − Etot,CdTe
Ncr,CdTe

Nbulk,CdTe

− Etot,T e
Ncr,Te

Nbulk,Te

]

(4.1)

where A is the cross-sectional area of the two-probe modeling domain and Etot,int, Etot,CdTe and

Etot,Te are the DFT total energies of the relaxed CdTe/Te interface system and unrelaxed CdTe

and Te bulk systems, respectively. The calculated γint value for CdTe(111)/Te(0001) interface

was -2.60 J/m2 while the CdTe(1̄1̄1̄)/Te(0001) system gave -2.89 J/m2. According to (4.1), both

CdTe/Te interfaces are more energetically favorable than the isolated bulk systems. With a dif-

ference of ∆γint = 0.29 J/m2, the CdTe(1̄1̄1̄)/Te(0001) interface is predicted to be the more stable

heterostructure. Brown et al. have also suggested that the Te-terminated CdTe surface gives the

best epitaxial growth conditions for (Hg,Cd)Te layers [96], which may be related to its more stable
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interfacial energy. In any case, both energy band alignments for either termination layer were still

investigated to gain a general outlook on the effect of various CdTe facet properties.

4.3.2 Detailed Analysis of {111} Plane Oriented CdTe + Te(0001) Interface

Energy Band Alignments

Chapter 3 looked extensively at the relaxation effects on CdTe surface energy band alignment

with different termination layers, which provided useful information on how GO optimizes the

band alignment features. The unrelaxed and relaxed DFT+GF interface calculations were per-

formed once again to distinguish the effects that relaxation had on the interface as well as to

compare to the common band alignment theories like Anderson’s Rule. Both the CdTe(111) and

CdTe(1̄1̄1̄) facets joined with the (0001) plane oriented Te layer were studied to see if similar trends

could be ascertained from the previously studied CdTe surface models.

The energy band alignments of the unrelaxed and relaxed Cd-terminated CdTe(111)/Te(0001)

two-probe interface models are provided in Figure 4.3a and Figure 4.3b. Both the unrelaxed and

relaxed Te-terminated CdTe(1̄1̄1̄)/Te(0001) models are plotted in Figure 4.4a and Figure 4.4b, re-

spectively. Due to the large continuous interface states that appeared with the CdTe/Te interface

region for the models, the macroscopically averaged VBM and CBM curve fits could not be ef-

fectively plotted. However, many of the important features were measured using several points

labeled in Figure 4.3a for further analysis of the band alignment data. Ei energy and Zi position

measurements of the labeled points are provided in Table 4.2. The crude measurements are not as

algorithmically consistent as the macroscopic averaging, but at least provide a general view of the

energy magnitude of the features. The following energy differences were used for determining the

important electronic features seen in previous chapters and were recorded in Table 4.3:
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∆Eg,CdTe = E2 − E1 ∆EC = E4 − E7 ∆Ec,surf = E4 − E2

∆Eg,Te = E7 − E6 ∆EV = E6 − E5 ∆Ev,surf = E5 − E1

∆Ev,cusp = E3 − E1

In Figure 4.3a and Figure 4.4a, the unrelaxed DFT+GF band alignment cases already provide

several different features than what the Anderson Rule predicts. In general, the calculated models

show an energy band alignment that correctly follows a Type I heterojunction interface as predicted

by the Anderson Rule. However, the calculated band alignments tend to have upward VB and CB

band bending at the interface. The band bending in the Te-terminated CdTe cases are qualitatively

consistent with surface models, but for the Cd-terminated cases an upward bend is contrary to

what was calculated by the surface model. Thus, the Te back contact layer is influencing the band

bending at the interface that differs from the isolated CdTe surface cases.

In regards to the bulk band gap values for CdTe and Te, the CdTe band gap is well-converged

with a domain length greater than 60 nm. Although there is a small curvature to the extended

bulk region of the energy band alignments, the screening length is assumed to be captured and

thus should not influence the calculated band alignment features. On the other hand, the Te band

gap is slightly lower than the experimental value due to the interface strain that was introduced

after creating the CdTe/Te interface. It is well-known that changes to the bulk semiconductor

crystal due to strain will induce a change in the VB energy level in the form of a deformation

potential [124,125]. The interface strain has caused a change to the band gap, which is why the Te

band gap is smaller than its expected bulk value.

Looking more specifically at the relaxed interface simulations, the electronic characteristics

on both sides of the CdTe{111}/Te(0001) interface that were noticeably affected by the geometry

optimization length. The VB and CB band offsets ∆EV and ∆EC found in Table 4.3 for the Cd and

Te-terminated CdTe/Te interface models differ by 0.24 eV and 0.33 eV, respectively. Both relaxed

cases contain VB offset values that are in agreement with the experimental value of 0.6±0.1 eV
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obtained from photoelectron spectroscopic characterization studies of CdTe/Te band alignment

performed by Fritsche et al. [34, 126].

Furthermore, Figure 4.3b shows that a cusp energy potential Ev,cusp with a height of 0.34 eV

above the bulk CdTe VBM is created as seen for the CdTe(111) surface one-probe modeling re-

sults. For the CdTe(1̄1̄1̄) case (Figure 4.4b) that cusp energy potential is much smaller at 0.12 eV

above the CdTe bulk VBM. Regardless of energy magnitude, both relaxed CdTe{111}/Te(0001)

interface simulations have a cusp feature due to the relaxed region that forms after GO. The re-

sulting deformation due to the force minimization process across 5 nm on the CdTe side causes

the CdTe VB to change in response. No concrete statements can be made on if the cusp feature is

relevant to electronic polaron distortion [127,128] or just simply a localized deformation potential

(or both). In any case, the energy band alignments show that the cusp is confined by the GO region

near the back of the CdTe layer. A cusp energy potential has been suggested to form by Fritsche

et al. as a tunneling effect since they concluded that a Te back contact does not create an Ohmic

contact between CdTe and the metal electrode [126]. It must be noted that they contribute the

cusp energy potential formation to a p+-doping mechanism at the back of CdTe as opposed to a

strain effect as suggested in this work. The Mulliken charge analysis was thus utilized to de-couple

any charge transfer mechanisms causing the cusp feature from developing as opposed to the strain

mechanism.
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Table 4.2: Labeled points data for calculating salient electronic features within the unrelaxed (u) and relaxed (r) CdTe{111}/Te(0001) interface two-
probe models. Termination layer is denoted below as “Cd-Term.” and “Te-Term.” for the Cd and Te terminations of the CdTe layer, respectively. Any
+/- values indicate energy values referenced to the Fermi level EF (marked as 0 eV). All energy and positional values are in eV and Å, respectively.
Energy values are within ±0.01 eV while Z positions are within ±1 Å.

Model E1 Z1 E2 Z2 E3 Z3 E4 Z4 E5 Z5 E6 Z6 E7 Z7

Cd-Term.(u) -0.85 5 +0.64 5 n/a n/a +0.96 595 -0.39 605 -0.08 930 +0.18 930
Cd-Term.(r) -0.86 5 +0.64 5 -0.52 560 +1.01 600 -0.51 600 -0.08 930 +0.18 930
Te-Term.(u) -0.85 5 +0.63 5 -0.81 500 +0.74 597 -0.70 597 -0.08 930 +0.18 930
Te-Term.(r) -0.86 5 +0.63 5 -0.74 514 +0.77 586 -0.84 593 -0.08 930 +0.18 930

Table 4.3: Calculated electronic features from Table 4.2 within the unrelaxed (u) and relaxed (r) CdTe{111}/Te(0001) interface two-probe models.
Termination layer is denoted below as “Cd-Term.” and “Te-Term.” for the Cd and Te terminations of the CdTe layer, respectively.

Model Eg,CdTe (eV) Eg,Te (eV) ∆EC (eV) ∆EV (eV) Ec,surf (eV) Ev,surf (eV) Ev,cusp (eV)

Cd-Term.(u) 1.49 0.26 0.78 0.31 0.32 0.46 n/a
Cd-Term.(r) 1.50 0.26 0.83 0.43 0.37 0.35 0.34
Te-Term.(u) 1.48 0.26 0.56 0.62 0.11 0.15 0.04
Te-Term.(r) 1.49 0.26 0.59 0.76 0.14 0.02 0.12
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Figure 4.3: Two-probe CdTe(111)/Te(0001) interface energy band alignments for (a) unrelaxed and (b)
relaxed interface regions. Several point labels are provided on (a) as an example of where the pertinent
electronic features are measured.

One way to evaluate whether the cusp energy potential features are due to charging effects is by

plotting the atomic charges across the entire modeling domains. The Mulliken charge analysis was

thus evaluated along each atomic site throughout the modeling domain to identify the charging ef-

fects associated with the different CdTe terminations. The determination of the atomic charge dis-

tribution throughout the CdTe/Te interface enables a unique perspective on whether charge transfer

contributes to the cusp energy potentials developed in the CdTe{111}/Te cases. It must be noted

that only the valence electrons of the atomic sites were considered in the analysis as performed

in another metal chalcogenide DFT study [129] and not the charge involved within the bonds

between the atoms. Figure 4.5 contains the atomic charges across both unrelaxed and relaxed

CdTe{111}/Te(0001) interfaces with each Cd and Te element marked by separate colors. In all

interface models, it is clear that the atomic charges sufficiently far away from the interfacial re-
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Figure 4.4: Two-probe CdTe(1̄1̄1̄)/Te(0001) interface energy band alignments for (a) unrelaxed and (b)
relaxed interface regions.
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gions are balanced with positive and negative charges on the Cd and Te atoms, respectively. There

is around 0.9e charge transfer between the Cd and Te atoms, which qualitatively shows that the

Cd atom correctly behaves as the cation-like atom and Te acts as the anion-like atom. Although

there are slight differences in charge transfer occurring at the interfaces, there is no indication that

would suggest the formation of a cusp energy potential is strictly due to charge transfer. A large

charging effect would be easily discernible from the plots at the same Z distance as where the

cusp feature appears, but there is negligible change in atomic charge near that area. As far as the

CdTe{111}/Te(0001) two-probe models are concerned, the cusp feature is primarily due to the

strain effect that exists within the GO region rather than a charging effect of the atoms in the cusp

location.

As suggested in the CdTe{111} surface models, the cusp feature that develops on the CdTe side

of the CdTe{111}/Te(0001) interface may directly contribute to enhancing hole transport toward

the back of CdTe as a possible tunneling effect. The current DFT+GF modeling results show that

the cusp develops from strain-induced deformation instead of charging effects from charge transfer

on the atoms within the same location. However, the actual role for the cusp energy potential has

not been studied on the mesoscopic-scale for charge transport within the CdTe PV device. The

systematic integration of energy band alignment results obtained from the DFT+GF model such as

the cusp energy potential with numerical device modeling tools will be investigated in future work.

4.3.3 Qualitative Assessment of Surface vs. Interface-Derived Te(0001) En-

ergy Band Alignments

Although interesting characteristics were found on the CdTe side of the CdTe/Te interface two-

probe models, the Te side likewise provides non-trivial electronic features. Figure 4.6 depicts

the unrelaxed and relaxed Te(0001) surface models for comparison to the energy band alignment

obtained by the two-probe version of the Te(0001) layer. First, both the Te surface and interface-

derived energy band alignments have flat VBM and CBM levels due to the strong p-type character

of the Te layer. Secondly, a closer look at Figure 4.6 reveals that the Te surface electronic states are
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Figure 4.5: Mulliken charge analysis evaluated throughout the (a,c) unrelaxed and (b,d) relaxed versions of
the respective CdTe(111)/Te(0001) and CdTe(1̄1̄1̄)/Te(0001) two-probe interface models. The legend for all
plots are found on (a). The centered grey dotted line marks the zero value for Mulliken charge as a reference.

significantly less for the unrelaxed case as opposed to the extended electronic states of the relaxed

Te surface. Evaluating the interface states that reside on the Te side of the CdTe{111}/Te(0001)

two-probe models in Figure 4.3 and Figure 4.4 lead to the same conclusion. Prior to relaxation,
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the Te side of the interface has a small number of interface states. Only after the 5 nm relaxation

on the Te side of the interface is when the near-surface Te region develops a continuous band of

interface states irrespective of CdTe termination layer. The significant amount of newly formed

interface states effectively make the first several nanometers of Te exhibit a metallic-like behavior.

According to previous studies using an evaporated Te back contact on CdTe, it was found that Te

thicknesses less than 7-8 nanometers display n-type behavior due to a shifted VB energy position

[84]. It may be due to the interface states resulting from combined relaxation and interfacial strain

effects on the Te overlayer that lead to the change in conductivity type of the back contact. If a

thick Te is used, then the strong p-type character is established and more favorable enery band

alignments for the CdTe/Te interface are developed, in agreement with other literature studies

[122]. Lastly, the Te relaxation effects appear to be independent from the cusp energy potential at

the back of the CdTe layer. This reasoning does not mean that the Te layer itself does not contribute

to the cusp feature altogether as the unrelaxed CdTe(1̄1̄1̄)/Te(0001) model still contained a cusp

energy potential. The DFT+GF method clearly reflects the complexity involved in band alignment

of the CdTe/Te interface that the Anderson Rule cannot address a priori.

4.3.4 Band Alignment Dependencies on CdTe Plane Orientation

The last part of the CdTe/Te interface band alignment study was to differentiate between the

{111} and (100) CdTe plane orientations for any unique electronic attributes within the relaxed

interface region. Figure 4.7 compares the energy band alignment for CdTe(111), CdTe(1̄1̄1̄) and

CdTe(100) planes at the CdTe/Te interface. One major difference is that the cusp energy potential

appears only in the CdTe{111} family of planes but not in the CdTe(100) case. Rather, there ap-

pears to be a cusp feature that instead resides within the CB for the CdTe(100) case. The DFT+GF

two-probe calculations are calculated with a minimal DOS threshold of 10-4 eV-1, meaning that any

states seen in the plots are not artificial but are real states above the data noise. The small cusp in

the CB would be beneficial for mitigating electron minority carrier transport toward the back of the

CdTe device. However, there is a significant amount of density of electronic states spreading above
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Figure 4.6: One-probe Te(0001) surface energy band alignment for the (a) unrelaxed and (b) relaxed Te
surface.

and below the Fermi level EF in all CdTe/Te cases. In the CdTe(100)/Te(0001) two-probe model,

the interface states actually extend further than the CdTe{111}/Te(0001) simulations and have not

been fully captured despite the Te length being greater than 10 nm. The deleterious interface states

increase due to the bonding arrangement within the interface region of the CdTe(100) plane orien-

tation. The interface electronic states would hinder charge transport at the CdTe absorber layer and

Te back contact. It is suggested that features such as the cusp energy potential are responsible for

the Te back contact leading to benefits in device performance, which are not necessarily present in

the CdTe(100)/Te(0001) interface.

4.4 Summary of Key Findings

The DFT+GF two-probe models for the CdTe/Te interface allow for a systematic evaluation

of termination layer and plane orientation effects on the calculated energy band alignments. The

following sub-categories provide the key findings from the various studies in the chaper:
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Figure 4.7: Two-probe model comparison of (a) zoomed-in CdTe(111)/Te(0001), (b) zoomed-in
CdTe(1̄1̄1̄)/Te(0001) and (c) CdTe(100)/Te(0001) interface energy band alignments.

CdTe{111}/Te(0001) Interfaces

1. CdTe(1̄1̄1̄) layer is more energetically stable than the CdTe(111) layer during the formation

of a relaxed interface with a Te back contact layer.

2. Unrelaxed and relaxed cases provide band alignment features that are not possible to distin-

guish within the Anderson Rule.

3. Calculated band offsets are in agreement with experimental results found in literature [34,

126].

4. Cusp energy potentials are present in both CdTe(111) and CdTe(1̄1̄1̄) facets of the CdTe/Te

interface. No indication from Mulliken charge analysis is given that charge transfer between

the Cd and Te atoms leads to the cusp feature. The cusp feature primarily develops due to

the strain that exists within the CdTe region near the interface due to geometry optimization.

The cusp is expected to contribute to enhanced hole transport by means of a tunneling effect

to the Te back contact.
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Surface vs. Interface-Derived Te(0001) Energy Band Alignments

1. Presence of electronic states in both the Te surface (one-probe) and CdTe/Te interface (two-

probe model) calculations.

2. Extension of electronic states at the Te surface and Te side of the interface both caused

strictly by relaxation effects.

3. Te thickness lower than 7-8 nanometers undergoes a change in conductivity type due to

spatially-dependent electronic states.

CdTe{111}/Te(0001) vs. CdTe(100)/Te(0001) Interfaces

1. No discernable cusp feature present in the CdTe(100)/Te(0001) two-probe modeling case.

2. Greatest improvement to CdTe device performance expected to be cusp formation along the

CdTe{111} side for tunneling effect to the Te back contact.

In conclusion, the spatially-dependent energy band alignment constructed by an atomistic mod-

eling approach can accurately determine the complex features seen experimentally in CdTe sur-

faces and CdTe/Te interfaces. The DFT+GF computational method predicts various electronic

attributes that give key insights into the possible mechanisms either enhancing or hindering CdTe

PV device performance. DFT+GF one and two-probe models address the increasing importantly

electronic phenomena residing at the surfaces and interfaces in semiconductor and PV technolo-

gies, which common theoretical models like the Anderson Rule cannot address.
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Chapter 5

Conclusions/Proposed Future Work

Significant progress has been made since the inception of the current research work using DFT

coupled with Green’s function as a computational approach to calculate spatially-dependent energy

band alignments for CdTe-based surfaces and interfaces. High-fidelity simulation tools based on

first-principles are essential to understanding the fundamental concepts involved in the electronic

structure of CdTe PV technologies. It must be stressed that atomistic modeling within the CdTe

PV research community is under-utilized for studying interfacial properties where the most perfor-

mance losses occur in CdTe PV devices [22]. As the device is often dictated by the interface [119],

a huge committment is required to explore quantum mechanical-based characteristics in CdTe so-

lar cell interface regions. The research work presented here, if anything, shows the possibility of

examining some of the most problematic areas in CdTe PV with the intention of gently pushing the

CdTe PV research field in a direction where the importance of CdTe interfacial analysis based on

first-principles is recognized. As a result, all computational modeling efforts of CdTe PV surfaces

and interfaces have culminated into the following high-level summary of results.

5.1 Summary of Results

The following section provides a high-level synopsis of the key findings in the various simula-

tion models of the current research work.

5.1.1 Bulk Modeling of CdTe Semiconductor Crystal

The simple bulk electrode geometries needed to be converged in terms of structural and elec-

tronic properties prior to studying more difficult modeling domains. The overall summary for the

DFT computational results while performing CdTe (and Te) bulk calculations is as provided below:
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1. An extensive background and literary review of DFT concepts and applications to the CdTe

semiconducting II-VI compound has been done in preparation for answering the motivating

questions brought out in Section 1.3 of the dissertation.

2. The CdTe bulk structural and electronic properties using different XC functionals and addi-

tional parameters in the QuantumATK software have been thoroughly analyzed. An estab-

lished set of parameters used to achieve the correct band gap values for CdTe-based materials

has been found using the LDA-PZ XC functional along with the Hubbard-U correction.

3. The bulk electrode parameters agree with a number of experimental measurements [34, 77,

84] with an emphasis on electronic properties such as CdTe and Te band gap. The parameter

were deemed appropriate to maintain transferability while moving toward more complex

DFT modeling domains such as the one and two-probe modeling frameworks.

5.1.2 One-Probe Modeling of CdTe Surfaces

Atomic-scale modeling of the CdTe surface based on DFT+GF in the one-probe modeling

framework was performed on a combination of plane orientations, terminated surfaces, surface

relaxations and reconstructions to investigate the effects of certain CdTe surfaces during possi-

ble changes in the CdTe device fabrication process. The follow results were obtained for CdTe

surfaces:

1. The underlying concepts associated with surface polarity and surface theory were clearly

observed in the calculated results and provide further insights on mechanisms contributing

to energy band alignment for CdTe surfaces.

2. A new key insight of cusp energy potentials due to strain from the relaxtion of the CdTe

surface is gained with the cusp primarily developing for the CdTe{111} unreconstructed

surfaces.

3. Formation layers such as ClTe and TeO2 have shown useful yet complex explanations for

how higher concentrations of ClTe eliminate Te dangling bonds, TeO2 controls band bending
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effects, and the combination of both leading to higher cusp energy potentials than the original

CdTe(111) surface.

5.1.3 Two-Probe Modeling of CdTe/Te Interface

The atomistic modeling approach to studying the CdTe/Te interface has been accomplished for

various conditions and parameters to evaluate what mechanisms are responsible for the resulting

band alignment. A summary of the two-probe modeling results to date are provided below:

1. All models have generally constructed an energy band alignment for the CdTe/Te interface

as a Type I heterojunction, which is the same type derived by the Anderson Rule. Yet the

DFT+GF results provide intricate details on an atomic scale that the Anderson Rule neglects

during the band diagram formation process.

2. The band offset measurements were in good agreement with outside characterization studies

on experimental CdTe/Te energy band alignments [34, 84, 126, 130].

3. A qualitative assessment of interface states residing on the Te-side of the CdTe/Te interface

proves that their extension across the Te band gap is commensurate to the GO region applied

to the Te layer. The inversion of the CdTe layer experienced when a thinner Te layer is

used [84] could possibly be due to the heavily concentrated defect states on the Te-side of

the interface.

4. The development of a GO-dependent cusp region has been verified by other experimental

research studies on the CdTe/Te heterojunction [34, 126] and is believed to contribute to

improved hole carrier transport at the back of CdTe devices.

5. The CdTe plane orientation dictates whether the cusp energy potential will form or not,

highlighting the importance of CdTe surface polarity in the CdTe/Te energy band alignment.

Both the Cd and Te-terminated CdTe layers within the CdTe/Te interface have shown the

presence of the cusp energy potential.
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5.2 Verification of Hypotheses

After consideration of all key findings, validation statements have been made for the four orig-

inal hypotheses developed in Chapter 1. The following statements address the verification of the

formulated hypotheses:

Hypothesis 1: The CdTe{111} and {100} plane orientations will exhibit similar energy

band alignment profiles as they both terminate along a plane of the same atomic species

(either Cd or Te).

Verification of Hypothesis 1: The CdTe{111} and CdTe{100} facets do exhibit similar sur-

face energy band alignments that are primarily dictated by the termination layer. The conclusion

obtained from all surface energy band alignment results is supported by surface polarity and sur-

face theory. However, the surface potential magnitudes for each plane orientation differ according

to the surface charging effect. Thus, the polar CdTe{111} surfaces tend to create larger band

bending effects than the {100} surfaces.

Hypothesis 2: The Cd-terminated CdTe surface will not have detrimental surface states

present at the surface but will cause the bands to bend downward according to surface theory.

On the other hand, Te is known to have dangling bonds, so atomistic modeling is expected

to reflect the same features by creating several surface electronic states at the surface while

bending the bands upward.

Verification of Hypothesis 2: The hypothesis is partially true in that the termination layer de-

termines the band bending direction, the Cd-termination bending downward and the Te-termination

bending upward. Yet, several noticeable surface states were present even after relaxation of the Cd-

terminated surfaces. Evidently, empty dangling bonds from the cation (Cd) termination also lead

to detrimental states, as do the filled dangling bonds from the anion (Te) termination layer. Fur-

thermore, surface reconstruction provides a deeper understanding of how charge neutrality at the

CdTe surface improves energy band alignment in comparison to the unreconstructed cases. Stable

surface reconstruction for both Cd and Te-terminated CdTe surfaces resulted nearly free surface
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electronic states, which can only be explained by the reconstructions satisfying the Electron Count-

ing Rule.

Hypothesis 3: Chlorine is predicted to passivate the Te surface states due to its lower

valency than Te. The density of states within the band gap near the surface are expected

to be reduced in proportion to the amount of chlorine concentration present at the CdTe

surface. A native tellurium dioxide layer is anticipated to further reduce the surface states in

combination with chlorine.

Verification of Hypothesis 3: The hypothesis is validated for the DFT+GF surface model-

ing results that only include varied ClTe concentrations. Lower concentrations of Cl (∼25%) for

CdTe(1̄1̄1̄) surfaces eliminate some of the deleterious surface states present. Higher Cl concen-

trations (∼50%) will significantly reduce surface states while removing the band bending features

initially seen in the lower or no ClTe cases. However, the refuted part of the hypothesis is that

the TeO2 monolayer formation (with Te and O atoms strictly arranged in a conceptualized manner

interpreted from outside literature [113, 115]) on the CdTe(111) surface does not further reduce

surface states in combination with 50% or less Cl concentration. The energy band alignment after

the inclusion of both TeO2 + ClTe simply adopts the electronic features displayed by the original

CdTe(111) surface with a higher cusp energy potential magnitude.

Hypothesis 4: The energy band alignment constructed from an atomistic modeling ap-

proach for the unrelaxed and relaxed CdTe/Te interfaces will adopt similar band bending

and defect state features as calculated for the individual CdTe and Te surfaces. The interface

region will simply be a superposition of the original unrelaxed/relaxed CdTe and Te surfaces

with any additional charging effects that depends on termination layer (Cd or Te).

Verification of Hypothesis 4: The hypothesis is refuted within the DFT+GF two-probe model

of the CdTe/Te interface although some of the electronic features obtained from surface models

can translated to the interface simulations. The Cd-terminated CdTe surfaces adopted a downward

band bending characteristic that for the CdTe/Te interface was no longer present. Instead, the

CdTe(111)/Te(0001) interface exhibited an upward band bending on the CdTe side. For the Te-
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terminated case, the large surface band bending magnitude determined from the CdTe(1̄1̄1̄) surface

model was non-existent in the CdTe(1̄1̄1̄)/Te(0001) interface model apart from the cusp energy

potential formation. One feature that was retained in both the surface and interface models was

the cusp energy potential, irrespective of CdTe termination layer. Although the height of the cusp

energy potential is experimentally unknown, other literature suggests that such a feature exists and

contributes to a tunneling mechanism for hole majority carriers to the back of the CdTe PV device.

The other electronic feature that remained independent of model type was the interface states

residing on the Te back contact side of the model. In both the Te surface and CdTe/Te interface-

derived energy band alignments, a high density of electronic states was clearly visible throughout

the near-surface Te band gap and resembled a metallic-like continuity band. As long as the Te layer

is above 7-8 nanometers, the back contact aids in the efficiency gains seen from the experimental J-

V curve in Figure 4.1b for a typical CdTe PV device. In any case, a two-probe modeling approach

to studying heterojunctions is necessary to accommodate all interfacial characteristics rather than

simply superposing two one-probe surface models together.

5.3 Beyond the Current Research

The summary of results on CdTe-based surfaces and interfaces validate the efficacy of con-

structing energy band alignments using atomistic modeling. It is evident that the DFT+GF ap-

proach is suitable for non-uniform electronic structures throughout the surface and interface do-

mains with high-fidelity performance in comparison to common theoretical models such as the

Anderson Rule. The current research work is expected to make significant advancement to the

understanding and procedural construction of energy band alignments in CdTe-based PV technolo-

gies that incorporate complex aspects related to geometry optimized regions, interfacial defects,

terminated surfaces and plane orientations. However, further action needs to be taken that in-

volves a synergistic method between computation, fabrication and characterization that efficiently

translates to optimized CdTe PV device configurations. Thus, a brief discussion is presented as a

general framework for achieving a research paradigm based on atomistic modeling.
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The strategic framework for developing CdTe PV devices from an quantum mechanical un-

derstanding using DFT+GF simulations is laid out in five subsequent processing tasks that are de-

scribed as follows: 1) use Monte Carlo (molecular dynamics, MD) simulations that initially predict

deposition process conditions of materials at optimized control parameters; 2) implement quantum

mechanical computational schemes that effectively describe electronic properties throughout the

interface regions of the device architectures; 3) analyze simulated interface properties using data

extraction algorithms that will then be used in numerical device modeling efforts for studying de-

vice performance; 4) verify the accuracy of simulation results by constructing device architectures

in experimental apparatus and later characterizing their properties; 5) develop a database contain-

ing all optimized results for understanding the fundamental science associated with novel material

architectures used in next generation technologies.

The first step consists of predicting the CdTe-based thin film layer deposition process by uti-

lization of molecular dynamical simulations. Optimized control parameters in deposition processes

are crucial for obtaining desirable interfacial characteristics in device technologies. However, the

amount of time, financial, and material resources dedicated to optimizing the fabrication process

prevents the user from exploring novel materials within various deposition regimes. MD offers the

advantage of evaluating time and temperature dependent atomistic interactions that are involved in

the growth behaviors of materials. The predicted structural characteristics of the atomic species

calculated by MD simulations will be fed into the more sophisticated DFT+GF computational

tool to accurately describe the electronic structures of materials and the interfaces between them.

As a result, the coupling of computational methods can be systematically evaluated at various

conditions that provide a deeper understanding of CdTe PV device properties while maintaining

accuracy throughout the process.

The second procedure incorporates quantum mechanical computations of the atomistic models

to understand the structural and electronic properties of materials from first principles. It is essen-

tial that an atomistic perspective be investigated in materials and devices as the key details gained

from ab initio methods are directly related to device performance. DFT coupled with Green’s
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function as used in this work would be implemented to evaluate either the surface or interfacial

characteristics that contribute to charge carrier transport.

An algorithmic data extraction procedure would be utilized for further analysis of the DFT+GF

results. The efforts associated with the algorithm are primarily focused on obtaining the salient

electronic properties of the interface and integrating them to numerical device models. The seam-

less transition between atomistic to continuum-based modeling bridged by the algorithmic process

would provide key insights on the mechanisms influencing device performance.

Experimental verification of the device architectures should be acquired and compared to the

device performance predicted by the previous four steps in the simulation framework. A physical

instrumentation tool is necessary to validate the simulation results while being designed in a way

that is versatile for multiple device configurations and materials. At the same time, characterization

of the thin films is necessary to verify whether the predicted electronic structures are seen within

CdTe-based PV technologies. Evaluations of the CdTe-based thin film in a comparative manner

can be done by a number of characterization techniques to determine the surface and/or interface-

dependent properties of the CdTe material [131].

The final step consists of optimizing the current device architectures in an iterative feedback

loop and developing a database for them. The novel materials and devices database would include

all quantified parameters within the simulation and deposition procedures that would be accessible

to the entire science community. The steps beyond the current research work are expected to

synergistically develop a quantum-enabled scientific understanding of materials that seamlessly

translates into next generation CdTe PV technologies.
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LIST OF ABBREVIATIONS

PV Photovoltaics
LCOE Levelized Cost of Energy
GW Gigawatts
kWh Kilowatt-Hours
TW Terawatts
DOE Department of Energy
CdTe cadmium telluride
FSLR First Solar Inc.
VB Valence Band
CB Conduction Band
DFT Density Functional Theory
GF Green’s Function
GB Grain Boundary
KS Kohn-Sham
SCF Self-Consistent Field
LCAO Linear Combination of Atomic Orbitals
PW Plane-Wave
XC Exchange-Correlation
LDA Local Density Approximation
GGA Generalized Gradient Approximation
FHI Fritz-Haber Institute
OMX OpenMX
PZ Perdew-Zunger
PBE Perdew-Burke-Ernzerhof
DOS Density of States
ECR Electron Counting Rule
CN Charge Neutrality
GO Geometry Optimization
PLDOS Projected Local Density of States
VBM Valence Band Maximum
CBM Conduction Band Minimum
LDOS Local Density of States
HDP Hartree Difference Potential
MD Molecular Dynamics
JV Current Density vs. Voltage
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