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Abstract

The detection of gamma-rays is an important issue in a cast array of

industries. CdTe is a semiconductor used for gamma-ray detectors which

can operate at high temperatures. Density functional theory calculations

of the electronic structure within the Perdew-Burke-Ernzerhof exchange-

correlation functional underestimate the bandgap of CdTe: the calculated

bandgap within PBE is less than half the experimental value. The use

of a hybrid functional approach to exchange and correlation describes the

bandgap correctly. The goal of this project was to �nd out if PBE calcu-

lations give an adequate description of defects in CdTe by comparing it to

hybrid functional calculations. We show that PBE is adequate in describ-

ing Te antisite defects in CdTe if a correction to the bandgap is applied.

The defect level for both PBE and hybrid functional was calculated to be

0.24 eV above the valance band.

1



Contents

1 Introduction 3

2 Theory 3

3 Computational details 4

3.1 VASP - Vienna ab-initio simulation package . . . . . . . . . . . . 5
3.2 Plotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

4 Results 6

4.1 Bulk calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
4.1.1 Bulk PBE . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
4.1.2 Bulk Hybrid . . . . . . . . . . . . . . . . . . . . . . . . . 8

4.2 128 atom supercell calculation . . . . . . . . . . . . . . . . . . . . 10
4.2.1 PBE calculation . . . . . . . . . . . . . . . . . . . . . . . 12
4.2.2 PBE calculation with a Te antisite . . . . . . . . . . . . . 12
4.2.3 Hybrid calculation with a Te antisite . . . . . . . . . . . . 14

5 Discussion 19

5.1 K-points mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.2 Defect levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

6 Conclusion 20

7 Sammanfattning på svenska 21

2



1 Introduction

For a vast array of industrial and even medical applications, such as MRI scans,
detection of gamma-rays is essential. Often those detectors also need huge
cooling devices since they only operate correctly below certain temperatures.

To detect gamma-rays a detector is needed, and often a semiconductor is
employed for this purpose. When gamma-rays hit a semiconductor detector
electron-hole pairs are created proportional to the photons energy.

One of the semiconductors used in gamma-ray detectors is CdTe (Cadmium
Tellurite). CdTe can be used at room temperatures which makes it practical
since it doesn't need cooling devices. The bandgap of CdTe is big and the
electrons are not thermally excited.

The lattice constant of CdTe is 6.48 Å and the bandgap is 1.58 eV [4] as
found experimentally. Defects change the bandgap. This changes the energy
at which electron-hole pairs are created. The defect level can be a trap for the
electron(hole) pairs. This implies that the signal is no longer proportional to
the energy and thus the results are more di�cult to analyze.

Standard density functional theory (DFT) calculations using the Perdew-
Burke-Ernzerhof (PBE) [5] approximation to the exchange-correlation func-
tional do not describe CdTe well; the bandgap is more than 2 times smaller
than what is found experimentally, around 0,61 eV. Calculations for CdTe with
defects have been done with PBE but so far the in�uence of the bandgap failure
on defect properties in CdTe has not been studied.

Hybrid functional calculations give a more accurate description of CdTe
when compared with experiments. This is the reason why hybrid functional
calculations of CdTe with a defect are interesting. The downside of hybrid
functional calculations is that it is much more resource demanding since it takes
more time to calculate and needs more hard drive space. Many di�erent hybrid
functionals exist and the one used in this project is HSE06 [2].

The goal with this project is to decide whether PBE is adequate for calculat-
ing the defect levels in CdTe or if a better approximation like hybrid functional
is needed.

2 Theory

CdTe is a semiconductor. Semiconductors are de�ned by their unique electronic
properties. They don't conduct electricity until the applied voltage is more
than a certain energy. This is because the electrons are in a certain electron
state with a certain energy. The semicondutors electron states are �lled up to
an energy gap called the bandgap of the semiconductor. The bandgap of the
semiconductor is the energy between the highest occupied electron state and the
next available electron state. This means that to excite an electron to another
electron state an energy equivalent to the bandgap of the semiconductor has to
be available.

The bandgap of the semiconductor can be seen in two di�erent plots, the
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density of states (DOS) and the band structure. DOS is a concept that is often
used in solid states physics and is a measure of how many electronic states are
available for an energy. For all the DOS and bandgap plots in this project the
energy of the highest occupied electron state is set to be 0 so that the bandgap
can easily be seen.

The band structure of a solid contains certain energy bands that correspond
to electrons in di�erent molecular orbitals. When the band structure is plotted
the bandgap of the semiconductor can be seen as the gap in energy where no
energy bands exist. The band structure is a plot of the electronic states in recip-
rocal space, usually along some symmetry points in reciprocal space. Reciprocal
space is often used when describing periodic systems and is a transformation
of real space using periodic wave functions. Reciprocal space has the units of
m-1 and can be transformed back into real space. Points in reciprocal space are
called k-points and will later be used in this project.

DFT takes a di�erent route than most other theories describing solids. In
most other theories wave functions are used to describe solids but in density
functional theory all that is needed to describe any solid is the charge density of
the system, from that all other properties can be obtained. This has been known
for quite some time by physicists but only recently has it been become popular.
The amount of computational power needed to do the calculations is very big
and in recent years computers have had a quick upgrade in computational power
that has made these calculations possible.

The ion-electron interaction is known well but to use that in calculations
would take far too much computational power and therefore an approximate
simpler potential is used. These potentials are called pseudopotentials and when
used in calculations take much less computational power and give good results.
The potential used in this project is the Projector augmented wave (PAW)
potential [1, 3].

The electron-electron interaction is also approximated. Approximations are
used even though the exact functional for exchange is known, because again
the computational demands of the exact calculations are tremendous. The ex-
act exchange-correlation functional is not known. In DFT the two most com-
mon functionals are LDA local-density approximation (LDA) and PBE. Another
functional that is used in this project is hybrid functional and this functional
is a mixture of PBE and Hartree-Fock which is another approximation used to
describe electron-electron interaction.

This is where DFT falls short since the approximations in the function-
als a�ect the outcome of the calculations. PBE has the problem of electrons
interacting with the potentials they self make, self-interaction. The bandgap
acquired from PBE for CdTe is much smaller than the experimental value.

3 Computational details

In order to perform DFT calculations within the PAW formalism we hace used
the Vienna ab-initio simulation package (VASP). Due to the high computational
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demands, the VASP code has been run on a supercomputer in Linköping. To
run the program an account on the supercomputer center with an allocated hard
disk space was acquired. The �les needed to do the calculation are then created
on the hard drive and the �job� is then queued so that when computer time is
available the job is run. The supercomputer has 19200 cores and a theoretical
peak performance of 338 T�ops/s. The maximum amount of cores used in this
project was 576.

3.1 VASP - Vienna ab-initio simulation package

To do a calculation in VASP a few �les are required, INCAR, KPOINTS,
POSCAR, POTCAR. These �les de�ne the system about to be calculated and
how it is calculated. The system de�ned in the �les is a single unit cell and the
program calculates the system as if it were an in�nite crystal composed of unit
cells using periodic boundary conditions. The POSCAR �le contains the posi-
tion of the atoms in the unit cell, the lattice constant and the unit cell lattice
vectors which de�ne the geometry of the unit cell. The KPOINTS �le contains
the position of the k-points, in reciprocal space, used in the calculation of the
system. The POTCAR �le contains the potential for the atoms used in the
calculations. The INCAR �le contains parameters about how the calculation
should be done. Di�erent parameters in INCAR decide whether a calculation is
done with ionic relaxation or whether a DOS calculations should be performed.

VASP o�ers several output �les, a few of which are used in this project
for analyzing the results. For the purpose of this project CHGCAR, CONT-
CAR, DOSCAR, EIGENVAL, OUTCAR and WAVECAR are in the following
explained.

CHGCAR contains the charge density of the system. If relaxations have
been made the charge density is for the relaxed system.

CONTCAR is the same as POSCAR described above but contains the atomic
positions of the relaxed atoms.

DOSCAR contains the density of states for the system, one column for the
energy and another column for the number of states at that energy level.

EIGENVAL is used when doing band structure calculations, it contains the
energy level for the di�erent energy bands for each k-point in the calculation.

OUTCAR contains a lot of information about the run. For this project
TOTEN and E-fermi are important. TOTEN is the total energy of the system
and is given after every electronic relaxation. E-fermi, at the end of OUTCAR,
and is the energy of the most energetic electron. If we were to look at a metal
instead of a semiconductor this would correspond to the actual Fermi-energy of
the metal but for semiconductors this de�nition of the Fermi-energy does not
work.

WAVECAR contains information about the system in the form of wave func-
tions. This �le can be used as a start input for another run so that VASP has a
good value to begin calculations from. This is especially good when doing large
calculations since it can reduce calculation time substantially.
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3.2 Plotting

In order to analyse the Te-antisite defect level, the DOS and band structure are
plotted and compared with bulk DOS and band structure.

The DOS is contained in the DOSCAR �le as mentioned above. The band
structure can be plotted from the EIGENVAL �le which, as previously de-
scribed, contains the energy eigenvalues of the band at each k-point. The anal-
ysis of the band structure of the 128 atom supercell is a challenge, because we
have 80 k-points with 692 energy eigenvalues each. For this project MATLAB
was used because the �gures that it produces are �exible and easy to edit.

4 Results

To get good DOS a large quantity of k-points is needed. The number varies
with each calculation as the time needed for the calculations depends largely on
how many k-points are used. More complicated calculations take a long time
and might be impossible to �nish with too many k-points. This is evident in
the hybrid calculations where the k-points used are much less than for the same
calculations using PBE.

All the calculations were done with the INCAR parameter ENCUT left as
default. What this means is that the energy cuto� of the calculations is a default
value of 274.3 eV in this case.

4.1 Bulk calculations

The �rst task is to �nd the lattice constant of the perfect crystal, i.e. bulk CdTe.
The lattice constant of the system is the length between repetition of the atoms
when the system has its minimum total energy. The crystal structure of CdTe
is the zincblende structure, the two atom types form two interpenetrating face-
centered cubic lattices with the arangement of the atoms the same as diamond
cubic structure.

The reason a bulk calculation is needed is to check if the method of cal-
culation for CdTe is su�ciently good to be able do describe the system. A
good theoretical description gives su�cient agreement with experiment. The
two potentials that were used in this project are PBE and hybrid functional.
We expect hybrid functional to give us better results. A good method should
give the experimental lattice constant and the experimental bandgap. PBE is
known to give a wrong bandgap for CdTe but hybrid functional calculations are
expected to give the correct one.

The lattice constant of the system is needed for all calculations and for that
the bulk lattice constant will be used. The reason for the bulk lattice constant
being used in all later calculations is that it describes a perfect crystal. When
defect calculations are performed the defects should be far away from each other
so that they don't interfere with each other.
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Figure 1: The total energy of the bulk CdTe plotted against the lattice constant
within PBE. The lowest energy is obtained for the equilibrium lattice constant.
The experimental lattice constant (dotted line) is shown for comparison

4.1.1 Bulk PBE

In this calculation a grid of evenly spaced k-points including the Γ-point, the
center (origo) of reciprocal space, is used. The grid was a 30x30x30 grid resulting
in 27000 k-points but since one k-point was the gamma point, symmetry is
conserved and a lot of the k-points are equivalent to each other so only 2480
k-points had to be calculated. These k-points are said to be irreducable.

First of all a script going through di�erent lattice constant and writing the
total energy of the system with that lattice constant was run. From this calcu-
lation an approximate lattice constant of the CdTe system was found to be 6.6
Å. The results can be seen in �gure 1. The lattice constant is bigger than the
experimental lattice constant which is typical for the here used PBE functional.

Using this lattice constant and doing ionic relaxation on the system an ac-
curate lattice constant, for PBE, was then found. When doing ionic relaxation
a break condition is set so that when the change in energy is less than the set
condition a lattice constant is gotten. From the relaxation the new lattice con-
stant was found to be 6.59 Å which is still not the experimental value of 6.48 Å
but is only 1.7% larger.

The DOS and band structure shown in �gure 2 and �gure 3 were calculated
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Figure 2: DOS for bulk PBE calculations

using the PBE equilibrium lattice constant. The bandgap from these calcula-
tions was found to be 0.61 eV and is a direct bandgap. When compared to the
experimental value of the bandgap, 1.58 eV, this value is a lot smaller. This is
a known problem with PBE as described in the Theory section.

4.1.2 Bulk Hybrid

For the hybrid functional calculation a 30x30x30 k-point grid was tried out but
VASP could not calculate this using that many k-points. A 10x10x10 k-point
grid was then used instead and as in the bulk PBE calculation the gamma point
was included to preserve the symmetry of the system. The number of irreducible
k-points was 47 out of the 1000 in the full Brillouin zone.

For all hybrid functional calculations a few extra parameters have to be set
in the INCAR �le. This makes VASP do a hybrid functional calculation instead
of a regular PBE calculation. Other than that the same �les are used.

For the same reasons as before the lattice constant for the system using
hybrid functionals had to be calculated. We want to know how well hybrid
functionals describe the system. Since the lattice constant for PBE had already
been calculated we used it as a start value for the hybrid functional calcula-
tions. The WAVECAR from the previous calculation could also be used as a
starting guess for the wavefunctions of the system which makes the calculations
faster. After a few ionic relaxations the lattice constant of the system within
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Figure 3: Bandstructure for bulk PBE calculations. All states below E=0 are
�lled and all states above E=0 are empty. The more curvature a band shows,
the more delocalised is the state and vice versa. The discontinuity in the graph
is due to the fact that there is a jump from the k-point U to the k-point K.
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Figure 4: DOS for bulk hybrid calculations

the hybrid functional was found to be 6.53 Å. This value for the lattice constant
is less than 1% away from the experimental value of 6.48 Å and is a very good
approximation.

For this lattice constant, the DOS and bandgap was calculated. These can
be seen in �gure 4 and �gure 5. The bandgap for the bulk calculation is 1.47 eV,
just 7% smaller than the the experimental value. It's also interesting to note
that the highest energy electron state has shifted in energy, it's 0.28 eV lower
than the PBE's, and the �rst available electron state is now 0.58 eV higher in
energy. This can be seen in table 1.

For the bandgap calculations more bands were calculated than in the PBE
calculations. This is due to VASP requiring more bands in the hybrid calcu-
lations, the same input parameters were used with the exception that hybrid
calculations were done instead of PBE calculations.

4.2 128 atom supercell calculation

In the following we will present the results of the defect calculations. Because
VASP uses periodic boundary conditions we have simulated the presence of
defect using a supercell approach. The here used 128 atom cell corresponds for
a 2% defect concentration.

In these calculations the cell was made 4 times larger in each dimension so
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Figure 5: Bandstructure for bulk hybrid calculations. Comparing �gure 3 and
this one the only noticable di�erence is that the bandgap is wider and that for
some reason there is not a discontinuity in this graph. The reason that there is
not a discontinuity is unknown.
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that the amount of atoms in the cell is then 4 ∗ 4 ∗ 4 ∗ 2 = 128, 2 atoms per
unit cell and 4 unit cells in each direction. To do this only the POSCAR had
to be changed, the lattice constant of the new system is 4 times bigger than the
bulk system but otherwise the same. The supercell has 128 atoms instead of
the 2 atoms in the bulk calculation and the position of all these atoms have to
be written down in the POSCAR. A simple program calculating the positions
of the atoms was made and the positions were copied into POSCAR.

Because the cell is bigger all calculations take a lot more time but the cal-
culated results are in principle the same as for the 2 atom supercell.

4.2.1 PBE calculation

The k-points mesh used in this calculation was only a 6x6x6 grid including the
gamma point. This resumes to 216 k-points in the full Brillouin zone and 32
irreducible k-points.

We calculated �rst the 128 atom supercell without defects. The lattice con-
stant was the same as in the bulk calculation and hardly changed since the
system is the same as in bulk PBE.

Both the DOS and band structure were calculated and plotted and can be
seen in �gure 6 and �gure 7. When the plots are compared with the bulk plots
in �gure 2 and �gure 3 it can be seen that the 128 atom supercell plots haven't
got the same resolution, this is because less k-points have been used. The band
structure looks di�erent due to the di�erent dimensions of the reciprocal cell

4.2.2 PBE calculation with a Te antisite

Now for the interesting part of this project, the Te antisite calculations. First of
all a change in the POSCAR had to be done where one Cd atom was replaced
by a Te atom. This was done by changing the number of Te atoms to 65 and
the number of Cd atoms to 63. Next the new Te atom has to be moved a bit
from it's ideal lattice position such that relaxation can occur. This is because
as long as the symmetry of the system is still in place, the Te atom is in a local
energy minima. In order to calculate the con�guration with the lowest energy,
the symmetry has to be broken.

After this was done the system had to be relaxed so that the system reaches
its equilibrium state. This takes a long time but fortunately this had already
been done by my supervisor and the results from that relaxation were used
instead of relaxing the system.

The DOS calculation and band structure calculation were done using the
relaxed system and can be seen in �gure 8 and �gure 9.

The defect level of the antisite can be seen in table 1 and is 0.25 eV higher
than the valance band. The bandgap is still about the same, it increased by
only about 0.02 eV. The bandgap also shifted in energy it starts 0.1 eV lower
than without the defect.
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Figure 6: DOS for 128 atom supercell PBE calculations
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Figure 7: Bandstructure for 128 atom supercell PBE calculations

4.2.3 Hybrid calculation with a Te antisite

For this calculation the same �les were used as for the PBE calculations with
one change, the lattice constant. To get the right system for the hybrid calcu-
lations the lattice constant for the hybrid bulk was used. The calculation was
�rst supposed to have 6x6x6 k-points but soon after that it was reduced and
ultimately ended in 2x2x2 k-points. There were only 4 irreducable k-points.

The bandgap grew a bit with the insertion of the defect, as alreasy was seen
in the PBE case. The increase is almost 0.04 eV.

The graphs made from these calculations can be seen in �gure 10 and �g-
ure 11. Unfortunantly only a partial bandstructure graph was done since VASP
was not able to do the calculation with a lot of k-points. The DOS has a very
low k-point resolution which is the reason it is jagged. As a result of the low
k-point resolution there is a bump in the DOS graph at the energy just below
1 eV which should disappear when more k-points are used. S imilar bump was
seen in the bulk PBE calculations for low k-point resolutions that dissapeared
with increasing number of k-points

14



Figure 8: DOS for 128 atom supercell with Te antisite PBE calculations
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Figure 9: Bandstructure for 128 atom supercell with Te antisite PBE calcula-
tions
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Figure 10: DOS for 128 atom supercell with Te antisite Hybrid calculations
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Figure 11: Partial bandstructure for 128 atom supercell with Te antisite hybrid
calculations. Only 3 k-points are used in this graph, the gamma point, the X
point and the point directly between them.
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5 Discussion

5.1 K-points mesh

The k-points mesh in the hybrid functional calculation with the Te antisite is
very low which could possibly have a�ected the quality of the calculations. To
investigate the e�ects of the choice of the k-points mesh on the electronic struc-
ture we have performed calculations for the bulk system with di�erent k-points,
using PBE for the exchange-correlation functional. Three di�erent k-points
grids, 30x30x30, 5x5x5 and 2x2x2 were tested. The 2x2x2 grid was included on
purpose as that was the grid used for the hybrid functional calculations with
the defect. The di�erence between 30x30x30 and 5x5x5 was not signi�cant, less
than 0.01 di�erence in both bandgap and Fermi energy. For 2x2x2 though both
the fermi energy and the bandgap changed with quite a lot. The di�erence in
the Fermi energy was more than 0.3 eV and the di�erence in the bandgap was a
bit more than to 0.14 eV. Since the system that was checked on was the 2 atom
cell bulk it can't give us direct comparison to the 128 atom cell calculations but
it gives us an idea of what happens when the k-points mesh is not large enough.

From this calculation we would expect to see a di�erence in the antisite
hybrid functional calculation when compared with the bulk hybrid calculation
in terms of the Fermi energy and the bandgap. In the results we talked about
the defect lowering the energy levels by around 0.1 eV so we can't attribute
that to the low k-points mesh. The bandgap increases a bit when the defect is
introduced but that is also observed in the PBE case where the k-points mesh is
denser. The low k-point resolution might have increased the bandgap more but
we can't know that until we do a hybrid functional calculation with a higher
k-point resolution. That is something we tried to do in VASP but were not able
to do since VASP was not able to at the time of this project.

5.2 Defect levels

The defect level we see in the bandgap is not the only defect level. There is a
defect level in the conduction band that can be seen in �gure 9 with an energy of
about 1 eV. How does this defect level change when we use hybrid functional?
There are 3 possible ways the defect level could change: it could follow the
valance band like the other defect level; it could follow the conduction band or
it could not follow any band. The defect level is not occupied and this leads us
to think that it might follow the conduction band as that is also unoccupied.

No correlation between the position of defect level and the conduction band
was found. The energy level increased but not by the same amount as the
conduction band. This is not very clear when looking at �gure 11 but from the
values used to plot it it can be seen. This leads us to the conclusion that if the
defect level is not very close to the bandgap, around 0.1 eV, it does not need to
be taken into consideration.
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Table 1: Di�erent energy levels of the system taken from the gamma point. All
values are in units of eV.

Top of the
Defect level bandgap

Bottom of the
valance band conduction band

Bulk PBE 1.90
N/A

0.61 2.52
Bulk hybrid 1.63 1.47 3.10

128 atom PBE 1.93 0.62 2.55
128 atom PBE

1.80 2.05 0.64 2.44
/w Te antisite
128 atom hybrid

1.51 1.74 1.51 3.02
/w Te antisite

6 Conclusion

The question this work was supposed to answer is whether PBE is adequate
in describing defect levels of CdTe. The obtained results of the performed
calculations allowed for a de�nite answer to this question.

From the results in table 1 it can be seen that both PBE and hybrid func-
tional calculations, other than the bandgap failure of PBE, describe the defect
in the same way. The defect level is around 0.24 eV higher than the top of
the valance band. As long as these two things are known PBE is adequate for
describing the Te antisite defect in CdTe.
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7 Sammanfattning på svenska

CdTe (Cadmium Telluride) är en halvledare som består av Cd atomer och Te
atomer i en kristallstruktur. Dessa halveledare används ofta i gammastrålnings
detektorer. Defekter i CdTe kan ändra på dess detektionsegenskaper. I en
fast kropp kan elektonerna anta ett antal energi värden. I en halvledare �nns
ett energiområde mellan valensbandet och ledningsbandet där elektronerna inte
kan be�nna sig. Området kallas för halvledarens bandgap. För att kunna
studera defekter i CdTe är det bra att kunna simulera materialet. DFT (täthets
funktional teori) beskriver fasta kroppar med hjälp av dess elektrondensitet.
Inom DFT �nns det olika approximationer man gör, i rapporten undersöker jag
två approximationer för elektroninteraktion.

En av approximationerna jag undersöker heter PBE och är en enklare ap-
proximation och den tar därför kortare tid att beräkna. Den andra approxi-
mationen jag kollar på heter hybrid funktional och tar mycket längre tid att
beräkna men ger resultat som överensstämmer bättre med experiment.

Målet med den här rapporten var att avgöra om PBE kan användas när man
ska göra beräkningar på CdTe med en Te antisite. I en kristall uppbyggd av till
exempel två atomer A och B, betecknar en antisite en atom B som sitter på A:s
plats. PBE beskriver bandgapet felaktigt för CdTe, det är mindre än hälften av
det experimentella värdet, medans hybrid funktionalen ger korrekt värde.

För att göra beräkningarna använde jag programmet VASP och en superda-
tor stationerad i Linköping. VASP är ett program som gör DFT beräkningar
och man kan lätt välja mellan en PBE beräkning eller en hybrid funktional
beräkning.

När alla nödvändiga beräkningarna var genomförda undersökte jag hur de
två olika approximationerna beskrev defekten. Det visade sig att bägge beskrev
den på samma sätt. Slutsatsen är därför att PBE-approximationen kan använ-
das för att beskriva en Te antisite i CdTe.
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