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Abstract

A synergistic approach that incorporates first-principles atomistic modeling with nu-
merical device simulations is used to systematically evaluate the role of heterointerfaces
within metal-chalcogenide-based photovoltaic technologies. Two interfaces involving ei-
ther a tellurium back contact or aluminum back electrode combined with a cadmium
telluride absorber layer within cadmium-telluride-based thin-film solar cells are inves-
tigated on an atomic scale to determine the mechanisms contributing to variations in
device performance. Electronic structures and predicted charge transport behavior with
respect to cadmium and tellurium termination of the absorber layer are studied along
the polar oriented CdTe{111} facets. The computational methodology reveals a notice-
able contrast between the Schottky barrier forming Al/CdTe interface versus the Type I
Te/CdTe heterojunction. Greater band bending features are exhibited by the cadmium
termination as opposed to the tellurium termination for each interface case. Subsequent
device modeling suggests that 3.6% higher photovoltaic conversion efficiency is achiev-

able for the cadmium termination relative to the tellurium termination of the Te/CdTe



interface. Based strictly on an idealistic representation, both interface models show the
importance of atomic-scale interfacial properties for cadmium telluride solar cell device
performance with their bulk properties being validated in comparison to published ex-
perimental data. The synergistic approach offers a suitable method to analyze solar
cell interfaces through a predictive computational framework for the engineering and

optimization of metal-chalcogenide-based thin-film photovoltaic technologies.
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1 Introduction

In recent decades, the scientific community has sought to develop a generalized methodol-
ogy capable of predicting charge transport behavior at interfaces between combinations of
material pairs. For metal-chalcogenide-based thin-film photovoltaic (PV) technologies that
often comprise of polar bonded semiconductor interfaces, further complexities arise due to
the significance of non-stoichiometric effects and distortions of chemical bonds at the inter-
face region.! Such challenges make it difficult to obtain a valid description of energy band
alignment and accurately observe its impact on device performance, especially for metal-
chalcogenide-based PV applications. Conventional theoretical models for band alignment 3
within thin-film PV such as Anderson’s rule? (a.k.a. electron affinity rule) do not account
a priori for atomic-scale features resulting from quantum mechanical interactions of polar
bonded interfaces. Thus, it is imperative to design a systematic method capable of evalu-
ating the interface-related atomic-scale effects on thin-film PV device performance. In this

study, a computational methodology that combines first-principles atomistic modeling with

numerical device simulation capabilities is used to probe the limiting factors within metal-



chalcogenide-based interfaces. The proposed methodology is expected to be applicable to
various interface problems that are relevant to thin-film PV research communities.

The back contact interface within cadmium telluride (CdTe) thin-film PV is selected as
the test region for the proposed synergistic approach. Figure 1 illustrates the typical CdTe-
based PV device configuration with the inclusion of either an aluminum (Al) back electrode
or tellurium (Te) back contact layer. It is well-known that direct application of a metal back
electrode to the CdTe absorber layer forms an excessively large Schottky barrier 5 that
compromises the fill factor of the CdTe PV device.”® An effective solution to decrease the
Schottky barrier height has been to introduce a Te layer at the back of the CdTe absorber
layer, leading to an improvement in overall open-circuit voltage V¢ and fill factor FF for the
device. %1 Tt is theorized that an increased hole concentration toward the back of the CdTe
layer after adding the Te layer is responsible for the benefits seen in the CdTe-based solar
cells. However, the mechanisms for improved charge transport are not clearly understood
from an atomic-scale perspective, especially how atomically dependent band alignments at

the Te/CdTe interface affect CdTe-based PV device performance as a whole.

Figure 1: Illustration of typical CdTe PV device configuration with either the Al or Te
thin-film layer acting as the back contact.

This study incorporates a synergistic methodology consisting of first-principles modeling

and numerical device simulations to investigate the Al/CdTe and Te/CdTe interfaces as
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well as their associated mechanisms that impact PV device behaviors. Both the Cd and
Te-terminated CdTe facets for each interface are evaluated along the non-stoichiometric low-
index CdTe{111} planes to evaluate their differences in electronic structure and potential
dipole formations (from hereon, the Cd and Te-terminations of CdTe{111} plane orientations,
or CdTe(111) and CdTe(111) planes, will be respectively denoted as t-Cd and t-Te). Outside
experimental studies indicate that the CdTe layer has a strong preferred orientation along
the {111} plane.!* The computational results in this study indicate that the relaxed t-
Cd Te/CdTe interface case provides the greatest improvement in PV performance due to
favorable upward band bending and interface dipole formation that leads to greater effects
on the band offsets compared to the relaxed t-Te Te/CdTe interface case. For both interface
cases though, the high density of states residing at the Te/CdTe interface may initiate Fermi-
level pinning and could explain why the Te back contact is limited in further enhancement
of CdTe-based PV devices. The combined workflow between first-principles based atomistic
modeling and device modeling offers a predictive way to understand the general role that

interfaces play within metal-chalcogenide-based PV technologies.

2 Computational Methods

The following description of the computational work performed in the Al/CdTe and Te/CdTe
interface studies consists of the first-principles computations based on density functional
theory (DFT) coupled with Green’s function (GF) and one-dimensional (1D) numerical

device simulations.

2.1 DFT+GF Modeling Framework

All DFT+GF atomistic modeling calculations were performed using the QuantumATK R-
2020.09 software package!'? and adopted a linear combination of atomic orbitals (LCAO)

basis scheme. The Fritz-Haber-Institute and OpenMX pseudopotentials were respectively



applied to the metallic (Cd, Al) and chalcogenic (Te) species used within each calculation.
The DFT-+GF models employ the Perdew-Zunger form of the LDA exchange-correlation
functional as done in previous CdTe-related computational work.!3!* An on-site Coulomb
interaction parameter in the form of a Hubbard-U correction was applied to the CdTe and
Te layers to properly account for orbital contributions that dictate the valence band energy
position and maintain each layer’s band gap magnitude. U-values of Ugq ;4 — 4.6 €V and
Ure-5p = 2.55 €V were respectively used on the Cd-4d and Te-5p orbitals within the CdTe layer
as done in previous work,'® resulting in a band gap value comparable to the experimental
value of 1.5 eV.' For the Te thin-film layer, a U-value of Ur. 5, = 0.73 €V was applied only
to the Te-5p subshell and yielded a Te band gap in good agreement with the experimental
value of 0.33 eV.1® A Monkhorst Pack grid k-point sampling distribution of 7 x 7 (4.42 A
x 4.42 A k-point density in reciprocal space) was used for the transverse directions of the
central region of all interface models. Dirichlet boundary conditions were used for both ends
of the central region along the transport direction with the left CdTe and right Te (Al) bulk
electrodes acting as the semi-infinite regions of each modeling domain. 100 k-points were
used for both electrodes in the transport direction to converge their respective electronic
structures with the central region ends. A density mesh-cutoff value of 2200 eV was also
implemented in all models.

Figure 2 depicts the DFT+GF interface model along with the atomic arrangement of
each Te/CdTe and Al/CdTe interface case. The leftmost side of the CdTe layer for each
interface model maintained in-plane lattice vector lengths of 4.58 A with a 60° angle between
both vectors. This corresponded to an equivalent representation of the CdTe{111} plane
orientation using experimental values and ensured that the calculated electronic properties
for CdTe would not be influenced by strain effects from the modified unit cell dimensions
after geometry optimization.!”

For the Te/CdTe interface, the entire length of the central region after relaxation was

938.86 A and 938.51 A for the t-Cd and t-Te versions, respectively. The Te overlayer was



created using a three-atom primitive semi-infinite cell arranged in a helical manner across the
transport direction within a trigonal crystal structure and oriented along the (0001) facet.
The construction of the Te/CdTe interface using a lattice-matching method!® led to a (1 x
1) in-plane area of the Te layer that was matched to the CdTe unreconstructed surface. Due
to the lattice mismatch, the Te layer underwent a mean absolute in-plane strain of 2.03%
that resulted in a compressive Poisson strain (Az/z, where z is in the transport direction of
the Te helical chains) of -1.06% applied to the lengthwise direction of the Te unit cell. The
compressive straining effect caused the Te band structure to be slightly modified and thus
decreased its band gap value to 0.26 eV.

For the Al/CdTe interface, the relaxed central region lengths were 739.96 A and 740.03
A for the respective t-Cd and t-Te cases. The Al layer was oriented such that the (111)
plane was in contact with the CdTe{111} planes. The lattice-matching method'® forced the
cleaved Al surface to adopt a V3 x V3 expansion in area compared to its original (111)
planar area to match with the CdTe{111} surface. The mean absolute strain on Al was
5.08%, which led to a tensile Poisson strain of +2.69% in the Al layer.

All interfaces underwent a geometry optimization of 10 nm (5 nm on each side of the
interface) with a force threshold of 0.01 éV/A. Electron and hole effective masses from
separate DFT bulk calculations for the CdTe and Te layers are reported in Table 1 (see
Supporting Information for details of the bulk calculations). The values were found to be
in decent agreement with previous computational and experimental literature!®2* after the
implementation of the Hubbard-U correction. The effective masses were used for quantifying
certain parameters within the numerical device simulations found in the proceeding section.

Table 1: Electron and hole effective masses for the CdTe{111} and Te(0001) layers.

* *
Layer m, m,

CdTe{111} 0.13 1.25
Te(0001)  0.06 0.17
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Figure 2: (a) DFT+GF Te/CdTe interface model made up of two semi-infinite bulk electrodes
and a central region. The purple lines mark the regions of periodicity for the supercell
configuration. The green dashed rectangle is zoomed in as shown in (b)-(e) for clarity of
the interface type, either t-Cd or t-Te versions of the Al/CdTe and Te/CdTe interfaces,
respectively. For each interface, the vertical purple dashed line is positioned where the two
layers meet to form the interface. The dotted lines connecting the Te atoms in ¢) and e) are
included to simply show the bonding arrangement leading to the helical chain structure for
the Te thin-film layer.
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2.2 Numerical Device Modeling Setup

Prior to simulating the CdTe PV device performance, several parameters were extracted
from all DFT+GF interface models and integrated with numerical device simulations. The
SCAPS-1D device simulation software?® was utilized to assess the impact of variations within
the Te/CdTe and Al/CdTe interfaces on PV device performance. The key parameters of the
SCAPS-1D setup is found in Table 2 for the CdTe-based PV device arrangement (Figure

1). Appropriate modeling parameters that were not obtained using the DFT+GF method



26-29 and used in the current

were collected from published device simulation-based literature
work. A series and shunt resistance of 1 Q-cm™ and 103 Q-cm™, respectively, were used
since they are typical of CdTe-based solar cells. Measured bulk lifetimes of CdTe without
selenium alloying tend to remain on the lower end of the range between 1 to 100 ns.3%3! For
the device models performed in this study, the CdTe layer maintained a uniform hole bulk
lifetime of ~10 ns and electron bulk lifetime ranging between 3 to 10 ns (depending on the
location being the bulk or interface region for CdTe). No bulk absorber defect energies were
incorporated in the SCAPS-1D models to strictly focus on how interfacial effects contribute
to the CdTe PV device performance. A nonohmic back contact barrier magnitude of 0.3 eV
was used for only the Te/CdTe SCAPS-1D simulations.

The effective density of states within the conduction and valence bands was quantified

using the effective mass m; I calculated via DFT with the following expression:

2mrm* kJT> 3/2

Nejy =2 (#

= (1)

where k is Boltzmann’s constant, 7" is temperature, and A is Planck’s constant. Further-
more, the thermal velocity for the charge carriers can also be determined from the effective

mass:

oKL @)

n/p

Uy tp =
/p m

The SCAPS simulation results were found to be minorly sensitive to the quantified pa-
rameters using the effective mass calculated in this study compared to parameters used
in past studies.?® The open circuit voltage and fill factor decreased using the parameters
found in Table 2 by an average of 9 mV and 0.4%, respectively, thereby causing the power

conversion efficiency to change by only around 0.3%.



Table 2: SCAPS-1D device modeling parameters for the CdTe-based PV device”.

Parameters F:SnO, MgZnO  p-CdTepu p-CdTejn p-Te
Thickness, 500 100 2940 60 30
L (nm)
Band Gap,
B, (V) 3.60 3.50 1.50 + 0.26
Electron Affinity, 4.00 4.00 4.13 t 4.59
X (eV)

Relative Permittivity 9.0 10.0 9.4 10.0 980
(c/e0) : . . : .
DOS’_3 2.2 x 1018 1.1 x 10" 1.1 x 10" 1.1 x 10’8 3.8 x 10'7

N¢ (em™)
DOS’_3 1.8 x 101 1.8 x 10" 3.5 x 109 3.5 x 101 1.8 x 108

Ny (cm™)

Thermal Velocity, ) o107 10 % 107 33 x 107 33 x 107 47 x 107
v, (cm/s)

Thermal Velocity, o 107 10 107 1.0 x 107 1.0 x 107 2.8 x 107
vy (cm/s)

Doping Density, g5 9, g4 Ny/a N/A N/A
n (cm)

Doping Density, N/A N/A 5% 108 5x 108 7 x 109
p (cm™)

Electron Mobility,

o (em? V) 100 100 320 320 50
Hole Mobility,
i (cm? V) 25 25 40 40 175

Electron Lifetime,

- (n9) _ 3 10 _
Hole Lifetime, i 10 10 i
T, (ns)

* The Te/CdTe SCAPS-1D models include a 0.3 ¢V back barrier based on experimental results.

T Imported as spatial-dependent tabular data into device simulation parameter entry



One important remark must be made prior to the integration of the DFT+GF results
with the SCAPS-1D device simulations. Since the DFT+GF models only focus on a pristine
defect-free interface made up of two single-crystal bulk materials, the intrinsic Fermi level
position for CdTe and Te are too high to be classified as respective p and p'-type layers
as assumed for the SCAPS-1D models. The CdTe layer is often described as intrinsically
p-type due to the presence of native point defects such as Cd vacancies within CdTe thin-

32-34

films deposited or grown through various techniques. Similarly, the p-type nature of

Te thin-films can be attributed to crystallographic defects leading to additional acceptor

centers within the film itself.3°

However, the computed effective masses for single-crystal
CdTe and Te cause the intrinsic Fermi levels to sit much closer to the midgap energy of
each bulk material’s bandgap than the valence band to maintain charge neutrality (please
see Supporting Information for the calculation). As a result, the CdTe and Te layers will not
exhibit the desired lower Fermi level position unless higher p-type doping concentrations are
somehow applied to each layer. Within QuantumATK, an atomic compensation charge was
used to adjust the ion charge of the atoms in the CdTe and Te regions, thus influencing each
region’s electrostatic potential and thus Fermi level position with respect to the potential to
simulate the p-type doping effect. In this study, it was determined that an atomic compen-

3

sation charge of 7 x 10 cm™ was sufficient within the Te layer to simply move the Fermi

level downward as expected but not affect the calculated energy band alignment features.
As for the CdTe layer, the atomic compensation charge magnitude of 2 x 10* cm™ was
used but there was negligible effect on the Fermi level position due to its smaller magnitude

compared to the Te atomic compensation charge. By including the atomic compensation

charges, it was assumed that quantitative band alignments could be directly translated to

the SCAPS-1D models.
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3 Results & Discussion

3.1 Energy Band Alignment

The projected local density of states (PLDOS) calculated by the DFT+GF method for each
Al/CdTe and Te/CdTe interface is presented in Figure 3 as a description of the interfacial
band alignments. Pertinent features were measured for each PLDOS plot to quantify their
energy magnitudes and use them within the SCAPS-1D device simulations. Table 3 lists the
magnitudes of each measured feature obtained from the macroscopically averaged valence
and conduction band edges traced within each interface model. The bulk band gap values
for the CdTe and Te layers are well-converged for long screening lengths accommodated by
larger supercells coupled to semi-infinite regions for each model. The DFT+GF method is
a strong alternative to traditional periodic slab models®%37 for obtaining energy band gaps,
offsets, and alignment levels for various interfaces. The valence (conduction) band offset
AEy (AE¢) is defined as the energetic distance between points 1 and 2 (points 3 and 4)
along the valence (conduction) band edge of the Te/CdTe interfaces as shown in Figures 3b
and 3d. The CdTe side of the models have band gap magnitudes that are in good agreement
with the experimental value of 1.5 eV.!53® The Te band gap tends to be smaller than the
expected value of 0.33 eV1!6:3% due to additional lattice-mismatch strain that leads to the
formation of a deformation potential as outlined in other work.40 42

In general, the Al/CdTe interface models form a Schottky barrier along with metal-
induced gap states (MIGS) that extend approximately 10 A within the CdTe layer. On the
other hand, the Te/CdTe interfaces correctly predict a Type I heterojunction with electronic
states residing within the Te overlayer nearest the interface region. The valence band offsets
of both Te/CdTe interface models (AEy = 0.41 eV, 0.75 eV) are in agreement with values
ranging between 0.5-0.640.1 eV as determined via photoelectron spectroscopic characteriza-
tion techniques. 434

There are subtle differences when comparing the t-Cd and t-Te versions of the Al/CdTe
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Figure 3: PLDOS plots depicting the energy band alignments of the t-Cd (a, b) and t-Te
(¢, d) versions of the Al/CdTe and Te/CdTe DFT+GF interface models, respectively. The
x-axis is referenced from the interface position Z,; (reported in Table 3) of each model.
Example labels for all pertinent band alignment features recorded in Table 3 are provided in
(a) and (b) as visual references. The colored point labels in (b) indicate where the valence
and conduction band offsets are measured for the Te/CdTe interface models. The PLDOS
plots shown for the Te/CdTe interfaces have an atomic p-type compensation charge applied
to the Te layer with a magnitude of 7 x 10 cm™. The pink regions indicate high density
of states while black regions represent negligible density of states. The zero energy on the
y-axis is referenced by the Fermi level Ep (dotted line) of each respective band alignment
profile.

interfaces in relation to band bending and Schottky barrier height. The t-Cd case (Figure
3a) shows a slight downward band bending effect that tends to increase the Schottky barrier
height by 0.06 eV in comparison to the flatter band alignment of the t-Te case (Figure 3c).
The Schottky barrier magnitudes ®;, found in this work (0.98 and 0.92 eV for the respective
t-Cd and t-Te cases) are larger than previous DFT calculations performed by Odhkuu et al.
(i.e., @, = 0.55 - 0.82 eV).*6 However, they used a tellurium-metal-alloy configuration as the
adlayer while this work simply considers Al(111) in direct contact with the CdTe termination
layer. If all band alignment features were retained with higher p-type doping in CdTe, the
Schottky barrier would decrease in response. Figure 4a provides a schematic representation
of the band diagram across the entire PV device under illumination and in forward bias

at V = 0.6 V using the SCAPS-1D parameters specified in Table 2. The conceptualized
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Table 3: Calculated electronic features obtained from the PLDOS plots in Figure 3 for the t-
Cd and t-Te versions of the Al/CdTe and Te/CdTe DFT+GF interface models, respectively.
All measured energy values are within £0.01 eV.

Interface  Zi (A)  Ejcare (V) Eyr (V) AEq (V) AEy (6V) @y (V) @, (¢V)
(t-Cd)

AlCdTe 01752 1.45 N/A N/A N/A 098  N/A
(t-Cd)
To/CaTe 01762 1.47 0.25 0.77 0.41 N/A  10.26
(tTe) 41739 1.46 N/A N/A N/A 092 N/A
Al/CdTe ' : .
(6Te) 1740 1.48 0.44 0.70 0.75 N/A  +0.04
Te/CdTe ' ' : ‘ : :

charge transport behaviors at the Cd and Te-termination of the Al/CdTe interfaces (Figure
4b and 4d) show that the majority hole carriers would be strongly reflected from the back
and significantly impact the Vp¢ of the PV device. In addition, the presence of MIGS in
both cases would lead to high recombination velocities at the back as typically seen for metal
electrodes directly contacted to the CdTe layer.

The Te/CdTe interface cases demonstrate more pronounced features than the Al/CdTe
band alignment profiles. For both the t-Cd and t-Te cases (Figure 3b and 3d), there is
noticeable upward band bending that creates a visual cusp-like feature in both the valence
and conduction bands. The band-edge discontinuity for the t-Cd case, however, exhibits
greater band bending with a large potential height ®, of +0.26 eV above the valence band
maximum and conduction band minimum of the bulk-like CdTe region. On the other hand,
the t-Te case exhibits a smaller magnitude at +0.04 eV. The cusp-like feature has been
evaluated in previous DFT+GF surface calculations for CdTe'347 and is partly attributed
to the applied localized strain on the atomic positions caused by geometry optimization. The
band bending potential ®, was verified to exist regardless of whether atomic relaxation was
applied or not to the Te/CdTe interface. Both long-range (100-200 A) space charging and

short-range (<10 A) interfacial dipole effects contribute to the band alignment characteristics
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Figure 4: a) Schematic representation of the band alignment for the simulated CdTe-based
PV device configuration under illumination and at a forward bias of 0.6 V. The red and
blue solid lines respectively denote the conduction and valence bands while the red and blue
dotted lines are the electron and hole quasi-Fermi levels. The back interface region of interest
in the current work is highlighted in green for the conceptualized band alignments of the
Al/CdTe and Te/CdTe interfaces. b) thru e) depict the expected charge transport behaviors
based on the calculated energy band alignments in Figure 3 for the t-Cd (b, ¢) and t-Te (d,
e) versions of the Al/CdTe and Te/CdTe interfaces, respectively. Electrons are labeled as
black circles while the holes are labeled as open circles. “MIGS” indicate the presence of
metal-induced gap states for the Al/CdTe interface while “ Nz specify the interface states
residing within the Te layer of the Te/CdTe interface. Note that the Fermi level Er is shifted
downward to indicate that the CdTe and Te layers are respectively p and p™-type layers as
modeled in the SCAPS-1D simulations.
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present at the Te/CdTe interface. Fritsche et al. state that the Te layer serves to establish
a tunneling effect and conclude that the Te back contact does not create an Ohmic contact
between CdTe and the metal electrode.®® They specify that a p'-doping mechanism at
the back of CdTe leads to favorable band alignment conditions. The current work offers
another possible explanation by demonstrating that the localized strain, induced long-range
space charges, and the interfacial dipole residing at the polar Te/CdTe interface achieve a
similar band alignment profile. Under the present conditions, ®, is clearly larger for the
Cd-termination than the Te-termination. As a result, the t-Cd version of the Te/CdTe
interface should conceptually provide better charge carrier selection toward the back of the
CdTe-based PV device (Figure 4c) as opposed to the t-Te case (Figure 4e). This idea is
further supported by the device simulations performed in the current study. The complex
interfacial band alignment features due to relaxation effects and termination layers reveal
the importance of using first-principles calculations to account for microscopic details that
empirical band alignment models such as Anderson’s rule cannot address.*®

Another highlightable characteristic is the region of electronic states that reside within
the Te gap. Dangling bond formation is responsible for the high density of electronic states
and is expected to influence the Fermi level position. The electronic states reach nearly 80
A within the Te layer with their spatial extension likely due to the atomic relaxation within
the vicinity of the Te/CdTe interface region. A similar change in electronic structure of the
Te overlayer for thicknesses less than 25 A was observed in XPS measurements of binding
energy and was concluded to be due to the amorphous nature of the Te layer at lower cover-
age.* Another experimental study reported that there is a transition from n-type to p-type
behavior for thicknesses greater than 76 A for an evaporated Te layer. % Multiple factors may
be responsible for the phenomena seen within the two studies. However, the current work
does offer one explanation by showing that the Te layer creates a large DOS that extends as
a function of the amount of atomic relaxation applied to the interface region. As a result,

the Te/CdTe interface model suggests that the Te electronic band structure is quite sensitive
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to the strain induced by the initial lattice mismatch and subsequent atomic relaxation, both
of which tend to modify the metalloid Te layer to behave more like a metal in these localized
regions. A strong pinning effect was observed despite varying the Te p-type compensation
charge from 10'® to 10** ¢cm™ within the interface model (see Supporting Information for
further details). These electronic states are expected to increase recombination at the in-
terface and counteract the beneficial aspects of upward band bending and enhanced hole
transport for the Te/CdTe interface. In consequence, the extraneous electronic states in the
Te overlayer could potentially act as a charge transport bottleneck that limits the beneficial

aspects of the Te back contact within CdTe-based PV.

3.2 Interfacial Dipole Formation

In an effort to further distinguish among the Al/CdTe and Te/CdTe interface configurations,
an evaluation of interfacial dipole formation was performed with respect to termination
layer. The induced electron density displacement Ap;,q(2)*° for each interface model is a
combination of the interfacial effects (i.e. relaxation, termination layer, etc.) contributing

to the interfacial dipole and is calculated using the following equation:

Apina(2) = ppja(2) — (pa(2) + pa(2)) (3)

In Equation 3, pg/a(2) is the in-plane averaged electron density of the DET+GF model
for either the Al/CdTe or Te/CdTe interface while pg(z) and pa(z) are the isolated in-
plane averaged electron densities for each bulk material (i.e., A = CdTe, B = Al, Te) using
their equivalent DFT+GF surface models (see Supporting Information for further details).
The calculated induced interfacial dipole pi™, after integrating the induced electron density

displacement across a 20 A range within the interface region is calculated as:
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iy == [ 2 Apa(e)d: (4)

The magnitude for the induced interfacial dipole is expressed in Debye per unit area

(D-A2). A negative sign for p indicates that the dipole points from the B layer toward
the A layer and vice versa for a positive sign. The potential (energy) step due to the interface

dipole can then be defined as:

. int
A — € Ming (5)
€0

Figure 5 depicts the interfacial dipole formation across both the Al/CdTe and Te/CdTe
interfaces while Table 4 quantifies the magnitude and direction of the induced dipole as well
as potential step. The potential step A indicates the level of contribution that the interfacial
dipole has on the band alignment found for each respective interface.?' As indicated in Table
4 for the Te/CdTe interfaces, the Cd-termination shows a larger potential step value (0.32
eV) than the Te-termination (0.08 €V). As a result, the interface dipole leads to a larger effect
on the valence and conduction band-edge discontinuities for the t-Cd Te/CdTe interface.

There are notable differences between the t-Cd and t-Te cases for both interfaces. For the
Cd-terminations, the dipole points toward the left and indicates that the negative charging
occurs on the overlayer side to assist in the large band alignment shifts at the interface.

int
ind

On the other hand, the Te-terminations have a positive value for u!", and thus have dipoles
pointing from the CdTe side to the Te side of the interface (toward the right). The calculated
effects of interfacial dipoles on the Al/CdTe and Te/CdTe interfaces reveal that short-range
charge rearrangement plays a larger role than expected for the t-Cd cases and may suggest

the cationic termination layer to be more favorable for band alignment and charge transport.
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Figure 5: Interfacial dipole plots of the t-Cd (a, b) and t-Te (c, d) versions of the Al/CdTe
and Te/CdTe DFT+GF interface models, respectively. The red and blue shaded regions
indicate charge accumulation and depletion at the interface region. The purple dashed lines
mark the limits of integration for the induced interfacial dipole ™ calculation in Equation
4. The arrows indicate the net dipole direction going from negative charging to positive
charging for each interface region.

3.3 Device Simulations

The integration of first-principles computational modeling with SCAPS-1D device simula-
tions provides a unique perspective into the CdTe-based PV device performance with respect
to the selected back contact interface. The relevant description of energy band alignment
between the CdTe absorber layer and the back contact layers (Al or Te) for device modeling
tasks enables a thorough discussion on the effect of the termination layer on PV charge
transport behaviors along the highly polar {111} facets. For the Te/CdTe interface-based
device simulations, a uniform distribution of total interfacial defect density (Nipor: 1 X 10t

cm?) accompanied by total defect states (N; o 1 x 107 cm™) were respectively applied to
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Table 4: Interfacial dipole formation and potential (energy) step across the Cd and Te-
terminations of the Al/CdTe and Te/CdTe interface models, respectively. The Te layer has
an atomic p-type “compensation” charge of 7 x 10 cm™.

Dipole, ui™  Potential Step, A

Interface (D- A2 fgfig) (V) Direction
(t-Cd) Al/CdTe -1.01 -0.18 -
(t-Cd) Te/CdTe -1.76 -0.32 —
(t-Te) Al/CdTe +1.61 +0.29 —
(t-Te) Te/CdTe +0.46 +0.08 —

the Te/CdTe interface and 80 A of the Te layer to qualitatively represent their presence as
shown in the band alignment plots.

Figure 6 provides the SCAPS-1D simulated JV curves for each interface model. Relevant
measurements such as open-circuit voltage (Vo¢), short-circuit current (Jg¢), fill factor (FF'),
and power conversion efficiency (PCFE) are recorded in Table 5. For each SCAPS-1D device
simulation, the CdTe layer maintained an absorber doping concentration magnitude of 5 x
10" em™ to depict a solar cell with no intentional doping. The Te back contact doping
concentration was maintained at 7 x 10' cm™ to set the Fermi level position such that the
Te layer would be classified as p*-type (note that typical p-type concentrations reported for

m33%52) -~ All other parameters

evaporated Te thin-film layers reside between ~ 10'® to 10 ¢
remained unchanged for each device simulation.

As expected, the Al/CdTe device simulations show a much lower PCE than the Te/CdTe-
based simulations due to the large Schottky barrier formation that mitigates the majority
hole charge transport toward the back of the PV device. In Figure 6, the Cd-termination of
the Al/CdTe interface results in a slightly lower open-circuit voltage than the Te-termination.
This is likely due to the additional downward band bending and thus a marginal increase
in Schottky barrier magnitude than the t-Te case, leading to a 0.2% PCE decrease. The

simulated results confirm the importance of reducing or eliminating the Schottky barrier that

is often responsible for the fill factor and open-circuit voltage losses at the back interface of
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Figure 6: Simulated JV data for the CdTe-based PV device shown in Figure 1 for the t-Cd
and t-Te versions of the Al/CdTe and Te/CdTe interfaces.

CdTe-based PV technologies.

The resulting JV parameters as shown in Table 5 clearly demonstrate how termination
layer may play a larger role on the predicted device performance than expected for the CdTe
PV device. For the Te/CdTe interface, there is an increase in PCE of 3.6% solely due to
the band alignment differences between the Te-termination to Cd-termination. The t-Cd
Te/CdTe interfacial band alignment impedes minority charge carriers from moving toward
the back while enhancing the flow of majority charge carriers due to its smaller valence
band offset. The Te-termination, on the other hand, displays a smaller dipole effect in the
band edge and larger valence band offset that results in a lower FF' and Voe. The inherent
upward band bending and more favorable band-edge discontinuities for the Cd-termination
emphasize the importance of terminating species and charge rearrangement at the back
interface for better overall PV performance. As for the interfacial defect densities, there

are minimal changes to the overall device performance. There is no immediate connection
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Table 5: Measured JV data for the SCAPS-1D simulations of the CdTe-based PV device
containing either the Al/CdTe or Te/CdTe back interface models. For the Te/CdTe simula-
tions, the uniformly distributed total interfacial defect density Njp ;. and trap defect states

Ny 1ot are specified as 1 x 10" em™ and 1 x 10'7 cm™, respectively.
Interface Voc (mV)  Js¢ (mA-cm?) FF (%) PCE (%)
(t-Cd) Al/CdTe 305 26.3 61.5 4.9
(t-Te) AL/CdTe 320 26.3 61.1 5.1
(t-Cd) Te/CdTe 716 26.3 78.9 14.9
(t-Te) Te/CdTe 588 26.3 73.3 11.3

to explaining the importance of interfacial defect densities on Fermi-level pinning for the
Te/CdTe interface with the current study. Fermi-level pinning is likely to exist for the
Te/CdTe interface and in general is known to decrease overall PV device performance.
According to the results obtained by the SCAPS-1D device simulations integrated with
the DFT+GF method, the cationic termination of the CdTe layer along the {111} planar
family is expected to increase the efficiency of CdTe-based PV devices. However, limitations
on the controllability of termination within both single crystal and polycrystalline CdTe thin-
film layers create several experimental challenges to achieving a higher PCFE. In CdTe single
crystal cases, surface reconstructions are known to be more energetically favorable for polar
bonded surfaces like the {111} planes® unless careful preparation in annealing and species
flux conditions are used during CdTe deposition.? In turn, it is expected that energy band
alignment would change in response to surface reconstruction since previous DFT work on
reconstructed CdTe surfaces indicate flatter, well-behaved valence and conduction band edges
in comparison to the unreconstructed cases.'®'* Furthermore, the Fermi-level pinning due to
the high density of Te/CdTe interface defect states requires a higher Te doping to overcome
it. Carrier concentration within the p*-Te layer tends to reside within the high 10'® to low
10 range and thus poses an additional obstacle if higher Te doping (as was implemented
in the current study) was desirable for greater performance. Nonetheless, the computational

approach utilized for both the Al/CdTe and Te/CdTe interfaces indicates how differences
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in termination layer and elemental species modify band alignment and defect characteristics

that can potentially be controlled to optimize the performance of CdTe-based PV devices.

4 Conclusion

The synergistic computational methodology consisting of first-principles and 1D numerical
device calculations was performed in this study using the Al/CdTe and Te/CdTe interfaces
as test cases. The energy band alignment details and device simulation results provide
several key insights that conventional band alignment models such as Anderson’s rule do
not address. Firstly, the Schottky barrier formation as well as valence and conduction band
offsets calculated using atomistic modeling are closely supported by experimental evidence
from past literature for the Al/CdTe and Te/CdTe interfaces. Secondly, the DFT+GF
method provides a detailed description of both the electronic structure and band alignment
features such as the combined band bending potential and interfacial dipole effects along
with interface states that encourage Fermi-level pinning. Lastly, there is a notable contrast
between the t-Cd and t-Te versions of the Al/CdTe and Te/CdTe interface as portrayed by
the device simulations. For the Te/CdTe interface, the t-Cd case leads to more pronounced
upward band bending and thus enhanced carrier selection at the back of the CdTe-based PV
device leading to improved Vp¢ and FF.

The Al/CdTe and Te/CdTe DFT+GF interface models demonstrate the effectiveness of
computational modeling for studying how morphological factors associated with the interface
region significantly modify the electronic features present at the interface. At the same time,
the integration of first-principles derived material properties with the device simulation tools
depict the efficacy of combining atomistic modeling with physical device modeling efforts to
accurately predict PV device performance. The data-driven predictions of interface-related
phenomena obtained within the current study offers a synergistic computational methodology

that could later prove useful for the metal-chalcogenide-based thin-film PV industry.
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