New Jersey Institute of Technology
Digital Commons @ NJIT

Theses Theses and Dissertations

Fall 2013
Effect of temperature on tunneling and quantum
efficiency in cigs solar cells

Sizhan Liu
New Jersey Institute of Technology

Follow this and additional works at: https://digitalcommons.njit.edu/theses

b Part of the Materials Science and Engineering Commons

Recommended Citation

Liu, Sizhan, "Effect of temperature on tunneling and quantum efficiency in cigs solar cells” (2013). Theses. 187.
https://digitalcommons.njit.edu/theses/187

This Thesis is brought to you for free and open access by the Theses and Dissertations at Digital Commons @ NJIT. It has been accepted for inclusion

in Theses by an authorized administrator of Digital Commons @ NJIT. For more information, please contact digitalcommons@njit.edu.


https://digitalcommons.njit.edu?utm_source=digitalcommons.njit.edu%2Ftheses%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses?utm_source=digitalcommons.njit.edu%2Ftheses%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/etd?utm_source=digitalcommons.njit.edu%2Ftheses%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses?utm_source=digitalcommons.njit.edu%2Ftheses%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/285?utm_source=digitalcommons.njit.edu%2Ftheses%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses/187?utm_source=digitalcommons.njit.edu%2Ftheses%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@njit.edu

Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



ABSTRACT
EFFECT OF TEMPERATURE ON TUNNELING AND QUANTUM
EFFICIENCY IN CIGS SOLAR CELLS

Sizhan Liu

Utilizing the two-band approximation and Wentzel-Kramers-Brillouin (WKB)
approximation, by including the temperature-dependent effective masses and
nonparabolicity effects, an investigation of the temperature dependent band-to-band
tunneling process is discussed. In comparison with the parabolic approximation and non-
parabolic approximation, the tunneling probability is strongly dependent on the non-
parabolicity factor. The temperature dependence of the energy band gap, electron
effective mass and light hole effective mass is investigated. The tunneling current density
function is derived by a series representation of the incomplete gamma function with
non-parabolic effect and its variation at low temperature is also investigated. When the
Fermi level of holes is in excess of that of electrons, i.e., Efp>>Er,, the current density
function can be successfully simplified as the Fowler-Nordheim formulation. The
quantum efficiency model, for CIGS solar cells, is discussed. Device modeling and
simulation studies of a Cu(In,;—,Gax)Se, (CIGS) thin film solar cell are carried out. A
variety of graded band-gap structures, including space charge region (SCR) grading, back
surface region grading, and double grading of the CIGS absorber layer are considered. A
position-dependent absorption coefficient a(x, hv) is obtained by a differential equation
for the photon flux ¢(x, hv). The quantum efficiency can be calculated by IQE=(p1-¢2)/¢3.

The temperature dependence of the quantum efficiency is also investigated in this thesis.
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CHAPTER 1

INTRODUCTION

This chapter introduces and provides an overview of the research that is to be undertaken
in this study.

Chapter 2 is a comprehensive literature review of various models on temperature
dependence of the band gap, such as the Varshni relation and Bose-Einstein model. The
temperature-dependent energy band gap of GaAs, with different models, ranging from 0K
to 500K is investigated. The temperature dependence of the band gap is used to calculate
the variation in tunneling probability with temperature.

In Chapter 3, the effective mass is derived from Kane's two-band model that
considers both the k+p interaction and spin-orbit coupling as perturbations to the classical
Hamiltonian in isotropic materials. The effective mass is achieved by non-parabolic
dispersion relation of Kane's model. The dispersion relation implies that, at the bottom of
the band, a parabolic relation E=#%k*/2m¢? is preserved, while a small, non-parabolic
correction a? is observed for higher E. It is to be noted that the non-parabolicity factor, a,
depends on the electron effective mass as well as the band gap. The empirical models of
effective mass, with non-parabolic effect, are also described. The light hole effective
mass and the electron effective mass are used to estimate the temperature dependence of
the tunneling probability and the tunneling current density with non-parabolic effects.

In Chapter 4, quantum-mechanical tunneling is investigated especially in the
non-parabolic band structure and with a variation of temperature. The conventional
non-parabolic approximation of real band structures can be modified and generalized to

approximate the complex band structures of common semiconductors with a significant



improvement in accuracy in comparison with the parabolic approximation. The tunneling
current density is calculated from a non-parabolic dispersion relation. In the calculation,
the supply function is replaced by a step function and a series representation of the
incomplete gamma function is used to reduce the solution. The tunneling current density
is greatly influenced by the behavior of the band structure so that the non-parabolic
behavior of the band structure has additional contribution to the current density. The
growth rate of the tunneling current density which has contributions from non-parabolic
band behavior and parabolic band behavior, with increase of temperature, is almost the
same.

The quantum efficiency model, based on CIGS solar cells, is discussed in Chapter 5.
Device modeling and simulation studies of Cu(In,—,Gax)Se; (CIGS) thin film solar cells
have been carried out. There are a variety of graded band-gap structures, including space
charge region (SCR) grading, back surface region grading, and double grading of the
CIGS absorber layer. A grading in the absorber can improve cell performance and some
modern CIGS solar cells already have such a graded band gap profile. It is difficult to
discern the real benefit of grading, as varying material properties through the cell implies
changing the mean value of the studied parameter, and it is almost impossible to produce
a reference cell having the same properties as the studied cell. Hence, if one wants to
study grading properties thoroughly, one should use numerical simulations. A
position-dependent absorption coefficient a(x, hv) is obtained by a differential equation
for the photon flux ¢(x, hv). The quantum efficiency can thus be calculated by
IQE=(p1-¢2)/p3. The temperature dependence of the quantum efficiency is also described

in this thesis.



CHAPTER 2

TEMPERATURE DEPENDENCE OF BAND GAP

2.1 Varshni Relation
The effect of temperature on band gap energy shrinkage has been quantified through
several empirical or semi-empirical relations. The energy gap behavior, as a function of
temperature, is reported in Figure 2.1. Among the empirical relations, the Varshni relation

[1] is often used to assess the nonlinear temperature dependent band gap shift:

aT? (2.1)

where, a and g are fitting parameters characteristic of a given material. E4(0) is the band
gap of the semiconductor at OK. The Varshni relation is a combination of quadratic low
temperature asymptotic behavior with linear high temperature dependence [2, 3]. The
Varshni relation fits well for low temperatures (up to 360K); however, it shows deviation

from experimental values, above 360K [4].

Table 2.1 Varshni Equation Constants for GaAs, Si, and Ge [5]

Material Eq(0)(eV) a(eVK™ VK™
GaAs 1.519 5.405%10™ 204
Si 1.17 4.73x10™ 636
Ge 0.7437 4.77x10™ 235
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Figure 2.1 Temperature dependence of energy gap of GaAs, Si and Ge.

Table 2.1 and Eq. (2.1) are used to generate Figure 2.1, which shows that the band gaps
of the three materials decrease as temperature increases. The labeled points are the band
gap of each material at room temperature. Generally, the energy gap of semiconductors
decreases with increase in temperature. However, there are some exceptions such as the
lead chalcogenides — PbS, PbSe and PbTe in which the energy gap increases with

increase in temperature [84].

2.2 Bose-Einstein Model
The Bose-Einstein model, which considers electron interaction within crystals, also
relates energy shift and temperature with Debye energy. According to this model, the

band gap energy can be determined from [6]:



B 2a, (2.2)
exp(®. /T)-1

E,(T)=E,(0)
where, ag IS a parameter associated with the strength of the exciton-phonon interaction
within the crystal; the Einstein characteristic temperature, Og, IS the average temperature
of phonons interacting with the electronic subsystem. The Debye temperature for an
Einstein oscillator can be determined from the relationship: ®p= 4/3®.

A more precise and physically motivated formula which is a direct replacement of the
Varshni equation with phonon interaction, based on a Bose-Einstein phonon model, has

been given in [7]:

(2.3)

where, E4(0) is the band gap at zero temperature, og is a dimensionless coupling constant,
and k®g is an average phonon energy. Typical values of these parameters are presented in
Table 2.2. This model proposes a better description of the fairly flat dependence of energy
gap at low temperatures. However, experimentally, the dependence of the energy gap at
low temperatures is rather quadratic.

A more elaborate model takes into account a more variable phonon dispersion, including

optical phonons, and proposes the four-parameter formula:



(2.4)

E,(T)=E,(0)-a' @{ 1-3A" | SA (g/ﬁ—l)}

ep(2/y) 2

2 2 25
z 2, 3N 1;/3+§7/4+]/6 (2.5)

A o L 3

y=2T10© (2.6)

where, o’ is the high-temperature limiting magnitude of the slope of the order of several
10* eV/K, © is an effective average phonon temperature and A is related to the phonon
dispersion.

Table 2.2 Parameters for the Temperature Dependence of the Band Gap According to Eq.
(2.3) and Eq. (2.4) for Various Semiconductors [8]

a'(107 O(K) A as(10™ 0s(K)
eV/K) eV/K)
Si 3.23 446 0.51 2.82 351
Ge 4.13 253 0.49
GaAs 4.77 252 0.43 5.12 313
InP 3.96 274 0.48
InAs 2.82 147 0.68
ZnSe 5.00 218 0.36
ZnO 3.8 659 0.54




2.3 Temperature-dependent Energy Gap of GaAs

Table 2.3 List of Various Fitting Parameters in Different Models

Model or equation  Fitting parameter Fitting Fitting
parameter parameter
Eq. (1.1) 0=5.41x10" eVK™ =204K
Eq. (1.3) 0p=5.12x10" eVK™ ®s=313K
Eq. (1.4) o'=4.77 0=252eV A=0.43
Energy (eV)
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Figure 2.2 Temperature dependent energy band gap of GaAs, with different models,
ranging from OK to 500K. Dashed line is from Varishni's model according to Eq. (2.1),
the dotted line is according to Eqg. (2.3) and the solid line is according to Eq. (2.4). The
parameters used in the calculations are shown in Table 2.3.



CHAPTER 3

EFFECTIVE MASS

3.1 Non-parabolic Effect on Effective Mass
Kane considered both the k+p interaction and the spin-orbit coupling as perturbations to
the classical Hamiltonian in isotropic materials. The resulting Hamiltonian can be
diagonalized exactly and does not require the carrier kinetic energy E to be small.
However, Kane’s solution is accurate only if the interaction with other bands can be
neglected which does imply a small E. If Eyis defined as the prime band gap and Aas the

split-off splitting, the solution can be written as [9]:

3.1
E(E'+E,)JE+ Eg+A)=k2P2[E’+ Eg+§Aj (30

where, E' = E-(#k*/2m¢?) and P? is the square of Kane's matrix element of the linear
momentum between conduction band and valence band at k = 0. For the cases under
consideration, #%k’/2my” is much smaller than E(k), E' = E(k), E'<<Eg, and A<<E,, the
dispersion relation is #°k*/2my> = E(1+E/Ey). However, the approximations, E'<<E,, and
A<<Eq, are not valid in general such as in the case of InAs. Since we are looking for a
solution near the band extremum, i.e., E = 0, Eq. (3.1) can be approximated by preserving

only E? terms to find the dispersion relation in non-parabolic condition:

3.2
—— ~E+0aE? (3:2)
meO



where, m, is the electron effective mass at the band minimum and o is the
non-parabolicity factor. Using the comprehensive k+p perturbation approach, the electron
effective mass at the bottom of the conduction band can be expressed in a following form

[10, 11]:

1 1 2P? E +2A/3 (3.3)

+2
m m, nE, E;+A

The first term describes the undisturbed effective mass whereas the second term
represents the non-parabolic correction [10]. If the spin-orbit splitting and the momentum
matrix elements are assumed to be constant and independent of temperature, the
temperature independence of the effective mass is just a direct consequence of the

temperature dependence of the energy band gap. It is given by:
1 ( m jz (3.4)
a=—|1-—¢

The dispersion relation implies that, at the bottom of the band, a parabolic relation
E=#?k*/2m¢” is preserved, while a small, non-parabolic correction aE” is observed for
higher E. Note that the non-parabolicity factor, a, depends on the electron effective mass
as well as the band gap. The effective mass is generally energy dependent and can be

calculated for non-parabolic materials from Eg. (3.2) as:



dE (3.5)

m*(E) = hzk[ﬁj_ =m,(1+20E)

Therefore, both me and o can be determined with the help of Eq. (3.5) from experimental
measurements of the carrier effective mass. Note that the traditional definition of the
carrier effective mass, m*=#*(d°E/dk?) ™, is not valid for non-parabolic semiconductors
because an assumption of constant, energy independent effective mass was made in the
derivation of this relation [11].

For a carrier in state k with energy E;(k) in a band labeled by subscript i, the direction

averaged band mass m;j(k) associated with electron is given by [12]:

(3.6)

The conductivity effective mass, m; (where c is either e for electrons or h for holes), is

the thermal average of this quantity which is determined by [13]:

Nt ”(E"(k))ﬁzaEkj_z(”dk/Z . “(E7 () &7

m:  3n 4 :

where, f 1 “(E;) is the Fermi-Dirac distribution function with Fermi level x (chemical
potential) and temperature T and E’ (k) is the energy of jth conduction or valence band;
the index i is taken over the three principal cubic directions. The solution of Eq. (3.7),

according to Eq. (3.1), is given by Riffe [14] as:

10



1 1 1+(8/3)a(E+aE?) (3.8)

m(E) My [i+4a(E+aE? "

3.2 Empirical Models
For applied high electric fields, the energy of carriers may be far from a band edge and
then the variation of E(k) with Kk is non-parabolic. The conduction-band non-parabolicity
is a result of mixing between states in different bands, especially conduction and valence
bands. The energy dependence of the electron effective mass, due to the non-parabolicity,

may be described by the following relation [36]:

1 1 ( 2K2EJ (3.9)
= 1+
0)

where, Eq is the energy band gap and K is the empirically adjusted parameter. This
formula was discussed by Hopkins and the value of K; in GaAs is given as -1.75 (in bulk
material) and -1.4 (in two-dimensional electron gas) [16].

Another model is given by Hrivnak [17, 18]. He proposed and verified a
semi-empirical relation for energy gaps at I' point of tetrahedral semiconductors. The
relation proposed by Hrivnak is used for the calculation of electron and light hole energy
levels in quantum wells on the basis of the knowledge of the electron and light hole

effective masses, the lattice constant, and the width of the well. This is given by:

EL = (m! +m 2 (3.10)

11



where, m’, and m’},, are the values of the electron and light hole effective mass at the I'

point, respectively, and cg is determined by the ratio:

27 (3.11)

with a as the lattice constant.
The temperature dependence of the energy gap in GaAs is calculated according to Eq.

(2.1) with E4(0)=1.519¢V, a=5.405x10""K ™, =204K.

5.405x10*K ™ - (3.12)

Er(T)=1.519—
T +204K

9

The generally accepted value of m’, /mg at very low temperature is 0.0665 which has
been experimentally determined by Chamberlain et al. [19] for GaAs. Using the value
moc92:9.4eV [a(GaAs)=5.654A], the temperature dependence of electron and light hole

effective masses in GaAs is obtained as:

m, (T) _ r(0)——% 72 (3.13)

(3.14)

12



The temperature dependent reduced mass m, can be calculated as:

(3.15)

m (T)=— (m,;(o)mf(o)_(mer (0)%+m|2(0>ae)Tz+a.hamj

¢ T+p T+

Eq. (3.15) can be used to calculate the temperature-dependent transmission coefficient
which is discussed in Chapter 4. Figure 3.1 shows the temperature dependence of the
effective masses in which the green line represents the light hole effective mass, blue line
is the electron effective mass and the red dashed line is the reduced effective mass. With
increase in temperature, the effective masses decrease slightly. Light hole effective mass
decreases faster than electron effective mass. The parameters used in the calculations are
as follows: m’¢(0) = 0.0665, m’|,(0) = 0.0951, ae = 1.848x10°K™, ap = 3.902x10°K™

mocq’ = 9.4eV, a(GaAs) = 5.654A, E'(0) = 1.519eV, « = 5.405x10™K™, g = 204K.
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Figure 3.1 Temperature dependence of the effective masses, in GaAs, ranging from 0K to
500K according to Hrivnak's model.
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CHAPTER 4

TUNNELING

4.1 Introduction
Quantum-mechanical tunneling in semiconductor diodes was first observed by Zener [21].
Zener tunneling in semiconductor involves transitions between the valence and the
conduction band induced by appreciable fields. It is also widely referred to as interband
tunneling or band-to-band tunneling (BtBT) and, together with avalanche breakdown
caused by impact ionization, it is considered as the working principle of the so-called
Zener diodes. More recently, the effect of BtBT has attracted significant research interest
due to its impact on device leakage in metal-oxide-semiconductor field-effect transistors
(MOSFETs). Tunnel field-effect transistors (FETs) have the potential of achieving
sub-threshold swing that is less than the thermal limit in conventional MOSFETSs and

therefore they have the potential for low-power computing applications [22-26].

Gate Oxide

Gate Terminal

Drain Terminal Source Terminal

Metal

p Type p Type

n Type

Figure 4.1 Schematic of MOSFET structure.
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A MOSFET, shown in Figure 4.1, consists of an n-(p-)doped silicon substrate with
two, highly p-(n-)doped contacts, source and drain. The so-called channel region in
between is covered by an insulating layer, the gate-oxide, which is in contact with the
gate electrode. Without applying a voltage at the gate electrode, no current can flow from
source to drain as the pn-juctions between each contact and the substrate act as two
opposite diodes. When applying a positive (negative) voltage at the gate electrode, the
channel region close to the gate oxide is "inverted"” (i.e. from n-(p-) to p-(n-)doped) and
current can flow between source and drain.

Over 40 years ago, a theoretical investigation of Zener tunneling was provided by
Kane [27] who treated BtBT for direct gap semiconductor subjected to a uniform electric
field. In order to obtain a compact formula, he used a two-band &-p model to quantify the
band structure, while the transition probabilities were calculated from Fermi's golden rule.
The transmission coefficient is given by Kane [28, 29] and can also be obtained by WKB
theory [30, 31]. WKB approximation provides such a tool, through which the
transmission coefficient can be calculated from the wave vector, which is dependent on
the type of barrier. For indirect band gap semiconductors and structures acted upon by
non-uniform electric field, Kane's model and the WKB approximation have led to
reasonable fits with recent experimental data. The phonon-assisted tunneling plays a
significant role in case of silicon and other materials with indirect band gap. Often the
barrier for tunneling is considered to be E.-E [32-36], which is the barrier of electrons, or
E-E, [37], which is the barrier for holes.

In this thesis, a theoretical analysis is shown based on the WKB approximation for

tunneling probability combined with effective mass effect and non-parabolic effect. The
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temperature dependence of the energy band gap, electron effective mass and light hole
effective mass have been investigated based on GaAs in order to deduce the temperature
effect on tunneling process. The temperature-dependent complex band structure is
investigated. The non-parabolic approximation (NPA) is shown to describe the complex
band structure of common semiconductor materials, such as GaAs, in the energy region
that is important to BtBT. NPA shows ever more improvement in describing the complex
band structure over the parabolic approximation (PA) due to the inherent elliptic nature of
the complex bands inside a band gap region [38]. In comparison with parabolic
approximation and non-parabolic approximation results, the tunneling probability and
current density is found to have a strong dependence on non-parabolicity factor. The
tunneling current density function is developed from a series representation for the
incomplete gamma function into Tsu-Esaki tunneling current formula with the
consideration of the non-parabolic effect and its variation with temperature is also

investigated.

4.2 Tunneling Mechanisms
In the silicon-dielectric-silicon structure, sketched in Figure 4.2, a variety of tunneling
processes can be identified. Considering the shape of the energy barrier alone,
Fowler-Nordheim (FN) tunneling and direct tunneling can be distinguished. However, a
more rigorous classification distinguishes between ECB (electrons from the conduction
band), EVB (electrons from the valence band), HVB (holes from the valence band), and
TAT (trap-assisted tunneling) processes. The EVB process is caused by electrons

tunneling from the valence band to the conduction band. It thus creates free carriers on
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both sides of the dielectric, which, for MOS transistors, gives rise to increased substrate
current. The TAT process can either be elastic, which means that the energy of the carrier
is conserved, or inelastic, where the carrier loses energy due to the emission of phonons.
Furthermore, in dielectrics with a very high defect density, hopping conduction via

multiple defects may occur.

....................... .3 EN tunneling

s+ 8 Direct tunneling

= = F =P TAT (elastic)
E¢ /|l ¢

_______ _i Y & ECB
Ey ‘-}(_—» TAT (inelastic)
: EED ,
E, ")p'

4+— TAT (hopping)
- — — —0® = EVB

\ EC

HVB -
( E“

n* silicon dielectric p* silicon

Figure 4.2 Schematic of the tunneling processes in a silicon-dielectric-silicon structure.
The different tunneling processes are indicated by arrows and are described in the text.
The abbreviations EED and HED denote the electron and hole energy distribution
function. [39]

4.3 Band-to-band Tunneling in Diodes
The tunneling of interest in this thesis is band-to-band tunneling in silicon diodes and

TFETs. For band-to-band tunneling to occur, the electrons in the valence band of the

semiconductor tunnels across the band gap to the conduction band without the assistance
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of traps as shown in Figure 4.3.

Figure 4.3 Band diagram for the tunneling electrons with nonzero perpendicular
momentum in the valence band and conduction band. A particle with nonzero
perpendicular momentum tunneling across the band gap from the valence band at x=a to
the conduction band at x=b. The transition from valence band-like properties to
conduction band-like properties occurs at x=xg, and the overall tunneling barrier is
indicated by the dark areas. Er; and Eg, are the Fermi levels on the left side and on the
right side respectively. qdy is the effective barrier height.

Figure 4.3 depicts band-to-band tunneling for a heavily doped p+/n+ diode with a
constant electric field across the junction. An incident valence band electron with energy
in the x direction tunnels across the band gap to the conduction band. The electron
tunnels from the valence band at x=a to the conduction band at x=b, and the phonon
interaction, for a transition from valence band-like properties to conduction band-like
properties, occurs at x=xo. The tunneling barrier is indicated by the hatched areas in the
figure.

Assuming that there is no loss of energy during the transition as well as no scattering
involved, the energy of the electron ending up in the conduction band should be equal to
the sum of its energy at the start of tunneling in the valence band and the gained energy
from the acceleration due to the electric field. Electron in the valence band can tunnel to
any state in the conduction band such that the total energy and perpendicular momentum

are conserved which is shown in the following equation [40]:
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21,2 21,2 (4.1)
EV(O)—h k* +QFx+hw, =E, + f k*
2 2m,

1

Ker=kvi 4L (4.2)

where, F denotes the electric field and m’. and m", are valence and conduction band
effective masses respectively. g is the wave vector of the phonon. Under the continuum
approximation, £ can be any value so that k.. is independent of k.. Because this energy
IS quite small, the approximation is made so that no change in the total energy occurs

with the phonon interaction, and the term 74 is neglected.

4.4 Complex Band Structure

4.4.1 Parabolic Approximation

For parabolic band, the dispersion relation in semiconductor is approximated by:

h2k? (4.3)

where, m* is the effective mass. The imaginary part of the wave vector k with valence

band-like properties and conduction band-like properties can be derived respectively as:

; 4.4
K, :%w/zmvax 0<En<E,, (4.4)
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1 o~ — 4.5
KC = E ch(Eg_va) Ep<va<Eg y ( )

where, E(X)=E-E,(x), m"c and m", are electron and hole effective mass respectively, and

Eq is the direct band gap.

4.4.2 Non-parabolic Approximation

The conventional non-parabolic approximation of real band structures can be modified
and generalized to approximate the complex band structures of common semiconductors
with a significant improvement in accuracy relative to the parabolic approximation. The
improvement is due to the inherent elliptic nature of the complex band structures in the
vicinity of the band gap, which has a critical impact on the band-to-band tunneling
probability [38]. From Kane's two-band k+p model, assuming that the conduction band

minimum is at ky=0, the electron Hamiltonian in the vicinity of k is:

21,2 4.6
nk L (4.6)
2m, m,
21,2
ikp*Eg Ik
m, 2m,

where, mg is the free electron mass, Egq is the energy band gap, and p:<uvk0|f)|uck0> IS

the Kane's momentum matrix element between two unit cell functions (u, and u, ) at

band extremes. Assuming that 7#°k’/2m, is negligible compared to E(k)' and letting

E,=2|p|*/my, the secular equation is:
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nk? (4.7)
2m,

E(OfEK)-E, -E,

For E(k)>Ey, the conventional NPA of the conduction band can be obtained by defining

m*:moEg/Ep, E'(k)=E(k)-Eg4, and a=1/Eq4which is given by [42]:

E'(k)a+ 0B ()] = X (4.8)

For BtBT, the energy interest is within 0<E(k)<Egy. The solution of Eq. (4.7) therefore

results in a complex k. We have k=ik with:

1 - 4.9
K‘I%\/2m EQ-E/2E,) (4-9)

and E4=E4/2. However, for real band structure in which the electrons and holes have
different effective masses, the simple two-band model is not valid. Eq is no longer equal
to Ey/2 with different electron and hole effective mass. It is assumed that the tunneling
carriers start propagating through the energy band gap along the hole branch and
transition to the electron branch occurs when Ey(Xo)=Egm ¢/(m”c+m",) [41]. The NPA of

complex branches in direct band gap is calculated by:

K, = %\/zm:va[l_ va /(ﬁEp)] 0<EVX<Ep ’ (410)
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K, =%\/Zmi(Eg_Ew)[l—(Eg_va)/(ﬁEg ~ E,)] Ep<Ew<Eq, (4.11)

where, Ex(X)=E-E\(X), x is the imaginary part of the wave vector, m’c and m", are
electron and hole effective mass respectively, and Eq4 is the direct band gap. g is a

parameter that describes the non-parabolicity in dispersion relation.

Figure 4.4 Energy vs imaginary wave vector within the band gap according to Eq. (4.10)
and Eq. (4.11) and the tunneling path assumed in calculation (solid line) with various
values of . (o f =2, o B =3, A p =4, +  —>x). E4 is the energy band gap and E, is the
energy at which the tunneling carriers crossover from the hole branch to the electron
branch while transversing through the energy band gap. Parameters used in the
calculation: E;=1.52eV, m’=0.06mo, m",=0.09mo; my free electron mass, ko= /"(2mg ).

Figure 4.4 shows the hole branch and electron branch. The crossover point is at

which the transition from valence band-like properties to conduction band-like properties

occurs. In the limit of E,x—0", we can find that « is approaching to x = %,/ij E, - Inthe

23



limit of E\,—Ey, x is approaching to x =%,/2m:iEg —-E, ) The complex band structure

performs a parabolic behavior near the real band extremes. When g = 2, the inherent
elliptic nature of a complex band is revealed with joint two real bands at their extremes.
With increase in £, the PA properties begin to dominate the complex band structure and,

in the limit of f—o0, NPA totally becomes PA of complex band structure.
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Figure 4.5 Complex band structure for various electron-hole effective mass ratio
y=m/m¢ (0y=1, Ay =125 0y=15+y=1.750y=2).

Not only the non-parabolicity factor greatly affects the complex band structure, but

also the effective masses dominate the shift in its turning point. Figure 4.5 shows that,

with increase in hole effective mass, the crossover point shifts towards the valence band

which indicates that the energy E, is even smaller with a longer tunneling path.
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4.5 Tunneling Probability
4.5.1 Transmission Coefficient Modeling
The shape of the energy barrier has been treated as in Figure 4.6; the calculation of the
quantum mechanical transmission coefficient can be investigated. The transmission

coefficient T is defined as:

I(r)= i;—r:(\ww* —¥VY) (4.12)

due to an incident wave in Region | and a transmitted wave in Region Ill as shown in

Figure 4.6. The assumption of plane waves in both regions:
¥, (x)= A exp(ik, ) (4.13)
b oY (X): Ay X (ikm X) (4.14)

leads to the transmission coefficient:

Jn I(|m||A||| |2 (4.15)

‘]l B kIII my, |A| |2
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! I 11 I

energy barrier

incident wave A Am

reflected wave B, B

> X
Figure 4.6 Schematic of an energy barrier of a single-layer dielectric. Plane wave is
incident on the rectangular potential barrier, a portion of the incident wave is transmitted
and the rest is reflected at the energy barrier.

Note that the quantum-mechanical current density Eq. (4.13) is equal in Region | and
Region Ill. Considering only the incident wave in Region | and the transmitted wave in

Region Il allows the definition of a transmission coefficient T<I. The wave function

amplitudes A,, and Ay;, can be found by solving the stationary Schrodinger equation [39]:

(4.16)

2m

{_h—zvz +W(r)}‘P(r)= Ew(r)

where, W(r) is an external potential energy, in the barrier region. This can be achieved by
various methods. The Wentzel-Kramers-Brillouin approximation can be applied either

analytically for a linear barrier or numerically for arbitrary barriers.
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4.5.2 The The Wentzel-Kramers-Brillouin Approximation
The Wentzel-Kramers-Brillouin approximation is one of the most frequently applied

approximations to solve the Schrodinger's equation:

o, ( ) ( ) (4.17)
-—V°+WI(r)-E |¥(r)=0
e ow-e]
The transmission coefficient is give as [43]:
a 4.18
T =gep(-2[ x(x)d) (4.18)

where, g is the prefactor, « is the imaginary term of the electron wave vector in the barrier,
and x is the physical distance across the barrier, 0<x<a, where, a is the barrier thickness. k

is electron wave vector and, in the forbidden energy gap, k is purely imaginary, so that

=ik, i=V-1.
E F
F|
E !
C.r |
)
E. —
I
! )
k I EB'
L E
/' / g
E. ;' h
EV_L ,
I
I

Figure 4.7 E-k plot depicting the increased band gap incurred by perpendicular
momentum.
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As shown in Figure 4.7, a particle with some perpendicular momentum, 7k, in the
valence band tunnel to the conduction band with the same 7k;. k, is the wave vector to
the perpendicular direction.

Thus,

2:kvx2'|'kv_12 VX —kv kvl (4-19)
kczzkcxz"'kcl2 kcx :kc ‘kcl

Let kx=iky, ky=iKy, k=i, thus KVXZ\/(KV2+kV n 2), KCX:\/(KCZ+kC n 2).
The tunneling probability can be rewritten in terms of the total momentum and

perpendicular momentum 7k as:

(4.20)

T=exp{ uKH(Z )dx+j;<+k2 j]

This equation can be simplified by first factoring k, and . out of the square root and then

applying the Taylor series approximation that V1+a =1+a/2, for a<<I, as:

X b (4.21)
T= exp[— Z[vadx +J.KCdXJ L J.K‘ dx + kci_[’( ]]

Xo

If the perpendicular momentum in the valence band and conduction band is zero, the

integral of k(x) can be written in terms of E,yx as:
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X b o (% Eg (4.22)
T= exp{ ZLIKVdX +J.chxj] = exp{—{IKVdEVX +IchEw J]
a qF 0 E

Xo p

where, Ex(X)=E-E, (X) = E-(E\-eFx) and dE,x=qFdx. F is the electric field which is
assumed to be a positive constant. Substituting Eqg. (4.19) into Eq. (4.22), the

transmission coefficient of NPA can be written as:

2 (4.23)
T= ——— |{/2mE [1-E 1dE  —
eXp th _!‘\/ mV VX[ VX(ﬂEp) ] VX
2 ¥ o
qﬁE,[\/sz(Egva)[l_(Egva)(ﬁEg _ﬁEp) ] EVX
Let va(ﬂEp)'1=Zv, and (Eg'EVX)(ﬁEg'ﬁEp)-l:ZC, |eading to:
(4.24)

Bt
T =exp{—i(2m:)“2(ﬂEp>3’2 [Vz.i-z.dz, -
gF#h 0

2 *\1/2 3/2ﬁ_l
oFn M) LA, ~E))] I zc[1—zcldzc}

Finally, from Eq. (4.24), an analytical formula for the transmission coefficient of NPA is

derived as:

(4.25)

_ _(2,8)3/2{ _1W2 p-2 _(p_1¥2 p-2 _ _ z} 3/2
TNPA—exp{ gk (BB (-0 B —arctan B -1+ 2 m
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where, m; is the reduced mass (tunneling effective mass) given by m"ym"c(my+m")™.
Eq. (4.25) reveals a non-parabolicity-dependent transmission coefficient. In order to
investigate the variation of transmission coefficient with g, the prefactor is quite

important which is defined as:

(4.26)

_(213)3/2{ A2 g2 (p a2 p-2 _ Z}
S= 4 (B-1)"?p2—(p-1)"?p 2 —arctan /8 1+2

454 -

35F -

251 -

-30 -20 -10 0 10 20 30

p

Figure 4.8 The value of prefactor ¢ according to Eq. (4.26) for the variation of /.

The relation of ¢ and £ is shown in Figure 4.8. As f—+w or f—-, the value of 6

approaches a constant, 1.885, which is 4.2 /3. The transmission coefficient of NPA has

a limit of minimum as:
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(4.27)

42
TNPA,oc = eXp( — E;/Z\/Hj

~ 3gFh

(4.28)

NPAw — TPA

which is the transmission coefficient of PA. The transmission coefficient increases as the

portion of parabolic behavior of complex band structure decreases.

4.5.3 Temperature-dependent Transmission Coefficient

The temperature-dependent transmission coefficient can be calculated from Eq.(4.25):
Tuen =&X0 |- E22(T Y, (T) (4.29)

The temperature-dependent reduced mass m, and energy band gap E; have been

calculated in Chapter 2 and Chapter 3.
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Figure 4.9 Temperature-dependent transmission coefficient of NPA with various values
of B. (0B =2, 0 B=3, A B =4, + B —x). T® is tunneling probability T with an index of B
which is defined as B=qF#, q is elementary electric charge, F is electric field, and 7 is
reduced Planck constant.

As is shown in Eq. (4.29), the transmission coefficient can be divided into two parts,

2mM2, Figure

the non-parabolic-dependent part ¢, and the temperature-dependent part Eq
4.9 shows the total effects. With increase in temperature, the transmission coefficient also
increases. As the non-parabolicity factor g increases, it is shifted towards the low

probability and tends to be a constant which is given by Eq. (4.27) when £ approaches

infinity.

4.6 Tunneling Current Density
4.6.1 The Density of States
The density of states function is used to describe how many quantum states are available

in the band per unit energy interval. Thus, for a three-dimensional electron distribution,
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the density of states can be defined as g,, =dN,, /dE where, N3y(E) is the number of

quantum states with energy less than E. For an isotropic semiconductor, constant energy
surfaces represent spheres in k space. In a material with the lattice constant a, each
volume element of size (2x/a)* is occupied by two quantum states (one for each direction

of spin). Counting all states within a sphere of radius k and dividing by a® leads to

N, (k)=k?/37%. Then, for non-parabolic band, the density of states is [44]:

_ 1 dl<) (4:30)
a0 =37 e

3/2
_ g(h_rﬁj EY2(1+ aE }'? (L+ 20 )
T

For parabolic band, the density of states is:

Oyy = @(mjm EU2 (4.31)
3d =

4.6.2. The Tsu-Esaki Model
The tunneling current is usually written as an integral over the product of two
independent parts, which only depend on the energy perpendicular to the interface: the

transmission coefficient T and the supply function N:

qm  (Ema
3= T T(E N e,

(4.32)
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which is known as Tsu-Esaki formula [45,48].

In the derivation of Tsu-Esaki Model with non-parabolic approximation, three
assumptions are made. The first assumption is Effective-mass approximation: the
different masses corresponding to the band structure of the considered material are
lumped into a single value for the effective mass. The second assumption is PA and the
last assumption is conservation of parallel momentum, that is, only transitions in the
x-direction are considered. This model has been proposed by Duke and was used by Tsu
and Esaki for the modeling of tunneling current in resonant tunneling devices. When
electrons tunnel from the valence band, En, is the lowest conduction band edge and Epax
is the highest valence band edge.

The net tunnel current density from Electrode 1 to Electrode 2 can be written as the

net difference between current flowing from Side 1 to Side 2 and vice versa:

I=3,-3,, (4.33)

The current density through the two interfaces depends on the perpendicular component
of the wave vector ky, the transmission coefficient T, the perpendicular velocity vy, the

density of states g, and the distribution function at both sides of the barrier:

dJ, ., =T (k, v, 0, (k) f(EJL— f,(E)jdk, (4.34)

dJ, s =T (k v, 0, (k, ) F,(E)L- f,(E)ldk, (4.35)
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f1(E) is the probability of Electrode 1 being occupied by electrons and [1-f,(E)] is the
probability of Electrode 2 being vacant. In this expression, it is assumed that the
transmission coefficient depends only on the momentum perpendicular to the interface.

The density of ky states g(ky) is given by:
e (4.36)
=[] gk, ky.k ik, dk,

where, g(kx, ky ,k; ) denotes the three-dimensional density of states in the momentum
space. Considering the quantized wave vector components within a cube of side length L,

each position in k-space being filled with a cubic unit cell volume of V=(2/L)*,

)[ 27 2% 27rj (4.37)
L

The density of states within the cube yields:

(4.38)

101 1
gk, K, k)= TTRERE

xNy RNz

where, the factor 2 is spin degeneracy. For the non-parabolic dispersion relation, the

velocity and energy component in the tunneling direction obey:
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vx=%ZE: U (1+20E, ) (4.39)
Hence, Eq. (4.34) and Eq. (4.35) become:
dJ, , = JOE [ E)ldk,dk, =qT (k, JdE,n,_,(p,) (4.40)
dJ, , = JOE [ 1, E)ldk, dk, =T (k, )dE,n,_,(p,) (4.41)
where,
n(p)= s [ [ 6EN- 1€k, (4.42)

Integration of expression Eq. (4.42) can be performed in polar coordinates. Using polar

coordinates for the parallel wave vector components,

p’=pi+p2, p,=p,cosd, p,=p,sind (4.43)

2 4.44
E,(l+aEr):2pr:1, p.dp, =m(L+2aE, )dE, (.49
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and the total energy E; according to the non-parabolic dispersion relation yields:

2 4 2 2 (4.45)
Et(1+aEt):%, EX(1+aEX)=2p—r;
hence,
E.(l+0E )=E, (1+aE,)+E, (1+cF,) (4.46)
2 2 (4.47)
Eﬁi:\/(EeriJ +(Er+ij - 12
20 20 2c 4o

The non-parabolic dispersion relation implies that, at the bottom of the band with a
parabolic relation, E ~#°k?/2mis preserved, while a small, non-parabolic correction
aE? is observed for higher E. The total energy can be expressed as E, =E, +E, when

the product of a, E; and Ey is small enough.

Thus, we get:

7 poo 4.48
niﬁ,:ﬁ joz [, f.(E)1- f,(E))p,dp,do (4.48)

:#f f.(E)e- f,(E)Ja+20E, )E,
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and

- 1
= - (1+20E, XE,

01+e

(4.49)

where, t:(EX+E,—EF,i)/kBT, i is composed of two Fermi-Dirac integrals. The

selected Fermi-Dirac integrals are summarized in Appendix [46]. The solutions of the two

integrals are given, respectively, by:

=, =[E, ~kgT Infe 1)) =k,Tn| e S .
b e Al T rjes| S
. e o (4.51)
°o1+e - zza(kBT){J‘o et+1dt_-[0 o e—+dt} ( F’I_EX)O e'+1
Thus,

Eri—Ex

Ex—Er, (452)
=[1+2a(E; ,—E, JksTIn| e T +1|+2ak,T(E, —E; )In[e T +1

2 E«—Erj
~a(E, —E, f +2a(kT, f l:?-f‘ Li,| —e e J]

The supply function N through the barrier is N=n;_,, - n;_,,,
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N(E,)=¢&-& = [ [f.(E)- f,(E)Ja+20E, )IE, (4.53)

EF,l_Ex Ex_EF‘i (4.54)
keT KeT
N(E,)=1+2a(E, , —E, kT In 1+eEF,2—EX +2a(E, —E KsT In 1+eEx_EH
1+e 1+e ko

Ex_EF‘l Ex_EF.Z
+a(2E, —E; , —E;, NEr, — ¢, )+ 2a(kT, ) Li{e o7 JLi{e ko ﬂ

Evaluating the difference J =J, ,, —J, ,,, the net current through the interface equals,

(4.55)

3= O (1 (e, e, [ (1,(E)- 1, (E)KE,

C27h®

4.6.3 Supply Function Modeling
N(E) is the supply function that describes the difference in the supply of carriers. With

parabolic dispersion relation, it is given by [47]:
[6(E)- 1 (E)FE, (49
with non-parabolic dispersion relation,

N(E,)= [ [f.(E)- f,(E)L+20E, )E, (4.57)
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where, f; and f; denote the energy distribution function near the interfaces. Since the
exact form of these distributions is usually not known, approximate shapes are commonly

used, and furthermore, it is assumed that the distributions are isotropic.

4.6.4 Fermi-Dirac Distribution
In equilibrium, the energy distribution function of electrons and holes is given by the

Fermi-Dirac statistics:

F(E)= 1 (4.58)
E- F
1+exp{ T j
B
The integral of f is:
f(E): 1 dE (4.59)
J -
1+exp( kTFj
B

and it can be integrated analytically using:

1 1 (4.60)
[———dx=tn| ——— |+C
1+exp(x) 1+exp(—x)
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Thus, the total supply function Eq. (4.56) becomes:

E- Em] (4.61)

4.6.5 Tunneling Current Density Function

The Tsu-Esaki model for the calculation of tunneling currents requires a considerable
computational effort. However, for practical device simulation, it is desirable to use
compact models that do not require large computational resources.

In order to find a simple approximation of Eq. (4.52):

el (4.62)
&=, m(1+2aEr)dEr

EF,ifEx

Ey—Er;
= [1+ 2Of(EF,i - Ex)]kBT |n[e ! +1]+ 2akBT(EX - EFI)In[ekBT +1]

9 E,—Er;
a(EXEF’i)2+2a(kTB)2[%+ Li{e o7 ﬂ

to avoid numerical integration, as a first approximation, T—0 is assumed. The Fermi

function f(x) can be replaced by a step function [39]:

{1(5 <E.,) (4.63)
(

fl(E): fl(E_EF,l): o(E
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Without loss of generality, it can be assumed that Er;>Eg,. The innermost integral can
then be evaluated analytically for three distinct regions:
When E > Eeq, fl(E-EEj_):O, fz(E-Epyz):O,

N =0 (4.64)
When Eg, > E>Egy, fi(E-Er1)=1, f2(E-Er2)=0,

N ~& =(Eq,—E)+3a(E., —E) (4.65)

When E <E|:,2, fl(E-Epll):l, fz(E-EFg):l,

N~&-& =(E, —Ep, )+30|(E,—Ef —(E. ,—EF] (4.66)
Hence,
(EF,I_EF,2)+3a[(EF,1_E)2—(EF’Z —E)Z] (E < EF,z) (4.67)
N = (EF,l - E)+3a(EF,l - E)2 (EF,Z <E< EF,l)
0 (E., <E)
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This leads to the following expression for the current density:

(4.68)
J= % —;‘ZT(E){(EFJ - EF,2)+30‘[(EF,1 B E)2 _(Esz B E)z] }dE
o [T (e v ale - b

The first integral represents tunneling current from electron states that are low in energy
and face a high energy barrier. Hence, as a second approximation, the first integral is
neglected. By inserting the expression of transmission coefficient from Eq. (4.67) in the

second integral, the current density becomes:

J=o[ e (ENE,, ~E)+3a(E,, ~EF JOE (4.69)

2

where,
2 3/2
5-_ %) ‘/_{ﬂ 12 572 —(p-1)"? g~ —arctan ,8—1+%} , 0=% and
T

Eg(E)=q®,+E.,—E with dE,(E)=-dE. Let Eg(E)=yin order to simplify the
expressions. Eq. (4.69) can be written as J=J;+J, with:

J; = GIq% EXp (@( 32 qu)o - Z)dl (4.70)

APy +Er 1—Ef ,

coro [ emlor o] emla o

qPo+Efr 1—Ef , a®o+Eg 1—Ef »
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J, =3ac0 quooJrEanpp exXp (5/1’3/2 qu)o - 7()2 dy
=3a0(q, ) [*° _ expls iy -6aaduo [ expls ¥y

qPo+Er—Erp a®o+Er,—Epp

+3ao %o exp(@gm);(zd;(

q@o+Er,—Epp

and its solution is:

ad,

2 o3 13 2 3/2
leaqq)o{gé‘ (_1)1 F(g'_@{ ﬂ

q®o+Er—Erp

~ O_[% 5‘1;51/26513/2 —%5_4/3(—1)2/31“(1 —& 3/2)}

ad,

3

AP +Ery—Epp

ad,

qPo+Ery —Epp

. 312 ad,

+3a{2§:2 (5,(3/2_1)}

qPo+Er —Erp

—6aoq®o[§51;(“2e5%3’2 _554/3(_1)2/31“(1’_@(3/2)}

ad,

3

APy +Ep,—Epp

where, I'(a,x) is the "upper" incomplete gamma function which is given by:

I'(a,x)= _[:Ota’le*tdt
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(4.72)

(4.73)

(4.74)



The widely used asymptotic series representations for the incomplete gamma function is

[49, 50]:

2

I(a,x)~ x“e"{lju a-l @-ia-2), J (4.75)
X X

and by inserting this expression in Eq. (4.72) and Eq. (4.73) with the low-order terms

neglected, yields:

) ) 1 ) ) a®o (4.76)
S l(qq)ol 1/2 —lez)+—§ Z(qq)ol 2 py 1)
2 513/2 3
hi=ge 4 2
+§§‘3(qd)0 P ;(‘5’2)+§5‘4(14q®0 75+517)

qPo+Ery —Erp

1, =2006%" {5 * [(qq%)zz’”z —20®, " + 1" (4.77)

%5 * [(qq)o)zz‘z +2q@, 1" —3]

ad,

+g5-s [(q(Do)ZZ_m LD, 72 }

qPo+Ery—Erp
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Hence, the current density yields:

I = goes(qmo)3’z5-z (qq)o )—1 +%oeo‘(qqzo)3’25-3(qq)o)—5/z (478)

_goe(s(qmom)“z&l[qq)o(q(bo LAY - (g0, +A)1'2]

2
2 el
9

qy+A)*?

57 [(qq)o + A)il + qCDo(qCDo + A)iz]

_%oe‘y(qq’O*A)3/z§‘3 [qcI)O(q(I)0 +A) "% +(qo, +A)’5/2]

(4.79)

where, A=Eg 1-E».

The direct BtBT current in field-induced p-n junction can be calculated according to
Eq. (4.78) and Eq. (4.79). Under conditions of thermal equilibrium, A is zero that cannot
lead to BtBT current flow. But when a reverse bias voltage is applied, an energy window
is open over which the current flows. When the applied voltage is much smaller than the
band gap, the resulting field due to the voltage is only a small fraction of the built-in
electric field at the junction; the extra field can be neglected.

However, with increase in applied voltage, the change in the electric filed must be

considered. If we already know the built-in voltage, we get the electric field:
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F o /q¥, +A (4.80)

/ (4.81)
F-F, q¥, +A
q'¥,

Consider the effective mass and band gap of GaAs as reference at 300K with
Eq=1.4225eV, m¢=0.0632mo, m;»=0.0881m,. Set gF=1eV/m, /1=6.58x10%cV s, En=0.4eV,
q®o=1.06eV and o as a constant; the current density J of parabolic band structure and
non-parabolic band structure versus 4 is shown in Figure 4.10.

-3

J
x 10

35 T T T T

Non-parabolic

251

Parabolic

05F

0 0.5 1 A(EV) 15 2 25
Figure 4.10 The current density J of parabolic band structure and non-parabolic band
structure versus 4.

Figure 4.10 reveals that the non-parabolic band structure has a higher tunneling

current density than the parabolic band structure.
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Figure 4.11 The current density J with various .

The relation between the non-parabolicity factor g and a is a=-1/(BEy);
Eq=Egmc/(mc+m,). The tunneling current is minimum when f—oo, a—0, which is shown
in Figure 4.11. As the non-parabolicity factor £ increases or a decreases, the ratio of
non-parabolic behavior of the complex bands decreases which indicates that the
non-parabolic correction aE” is decreasing. When a—0, J, becomes zero and the
tunneling current is only contributed from the parabolic behavior of the complex band.

The direct BtBT current J with the variation of 4 is shown in Figure 4.10 and Figure

qq)o +A)3/2

4.11. Assuming A>>g®P, the terms which contain e’ can be neglected and the

current density becomes:

4 s(qw, 2 3 16 s P2 | 16
J = _Geé(qq)o) 5—2 d 1 +_Oeé(q<1>0) 5_3 ® si2 10
9 (q 0) 27 (q 0) 9

a5 (qo, @2 (48D
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With parabolic dispersion relation and neglecting the higher order terms, for a further

approximation, Eq. (4.82) reduces to:

- 3/2 4.
g 5w, 8

which is the equation commonly known as the Fowler-Nordheim formula,

4.6.6 Temperature-dependent Tunneling Current Density
Considering that the total energy E also changes with temperature, the temperature

dependent effective barrier height qd, yields:
A, = E, (T)—Eg, +E(T) (484)

Ern is assumed as a constant and the total energy E is approximated by the thermal energy
with  the Kinetic term being neglected which can be written as
E=1/2m"v*+3/2kg Tc=3/2ksTc, Where, m”, v, and Tc are the effective electron mass,
electron velocity, and electron temperature, respectively, kg is the Boltzmann constant

[51]. Hence, Eq. (4.84) can be written as:

qq)o = Eg (T) - EFn + g kBaT (485)

a IS a parameter characterizing the relation between the electron temperature in the plane
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parallel to the junction interface and the device temperature (a=7¢/T). When electrons are
in the equilibrium sate, o should be 1. Recall that the Fermi function is a step function. At
T=0, the energy levels will be completely filled up to the certain energy which is called
Fermi energy and there will be no occupied states with the energy higher than Fermi
energy. However, as the temperature is increased, the Fermi function smears out so that
the step function is not accurate at high temperature. The energy band gap Ey and reduced
mass m, are temperature-dependent which is already calculated above so that ¢ can be
modified as a function of temperature T.

J  x’

10 T T T T T T T T T

8 Non-parabolic

Parabolic .

I 1 1 I 1 1 1 L
0 50 100 150 200 250 300 350 400 450 500

T(K)

Figure 4.12 Temperature dependent tunneling current density is calculated according to
Eq. (2.1) with Eqg. (3.15). Parameters used in calculation: =2, Eg,=0.9eV, Eg,=0.1eV,
qF=leV/um, #=6.58x10"%V's, m=9.1x10*'kg, m¢(0)=0.0665 m’,(0)=0.0951,
0e=1.848x10°K™, 0yp=3.902x10°K™? mgc,°=9.4eV, a(GaAs)=5.654A, E’,(0)=1.519%V,
0=5.405x10"K™?, Bg,=204K. The tunneling current density of parabolic band and
non-parabolic band is almost parallel with the temperature increase from OK to 500K.
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CHAPTER 5

QUANTUM EFFICIENCY MODEL - APPLICATION TO SOLAR CELLS

5.1 Introduction
Asolar cell is an electronic device which directly converts sunlight into electricity via the
photovoltaic effect. Light incident on the solar cell produces both a current and a voltage
to generate electric power. This process requires firstly, a material in which the absorption
of light raises an electron to a higher energy state, and secondly, the movement of this
higher energy electron from the solar cell into an external circuit. The electron then
dissipates its energy in the external circuit and returns to the solar cell. A variety of
materials and processes can potentially satisfy the requirements for photovoltaic energy
conversion, but, in practice, nearly all photovoltaic energy conversion uses

semiconductor materials in the form of a p-n junction.

HR-ZnO/n+*-ZnO(0.5pm)

Soda lime glass

Figure 5.1 Schematic cross section of a typical Cu(InGa)Se; solar cell.
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Figure 5.1 shows a cross-sectional schematic of a Cu(InGa)Se, solar cell. This
structure utilizes a soda lime glass substrate, coated with a sputtered Mo layer as a back
contact. After Cu(InGa)Se; deposition, the junction is formed by chemical bath—deposited
CdS with thickness <50 nm. Then a high-resistance (HR) ZnO layer and a doped
high-conductivity ZnO layer are deposited, usually by sputtering or chemical vapor
deposition [52].

In this Chapter, device modeling and simulation studies of a Cu(In,—,Gax)Se; (CIGS)
thin film solar cell have been carried out. A variety of graded band-gap structures, as
shown in Table 5.1, including space charge region (SCR) grading, back surface region
grading, and double grading of the CIGS absorber layer have been considered.
Introducing a grading in the absorber can improve cell performance [53] and some
modern CIGS solar cells have such a graded band gap profile [54]. It is difficult to
discern the real benefit of grading, as varying material properties through the cell implies
changing the mean value of the studied parameter, and it is almost impossible to produce
a reference cell having the same properties as the studied cell. Hence, if one wants to
study grading properties thoroughly, one should use numerical simulations. Several

authors have already performed simulations of graded solar cells [55-60].
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Table 5.1 CIGS Solar Cells With Various Absorber Band Gap Profiles

Band-gap profile i (V) Ve (mV) S (mAfem®) FF (%)

20 um

Case 1 5 1542 617 3405 734
E':F: L16eV

.1 um
-
Case 2 15.72 622 34.61 731
e — 5| LIsev 140V ’
0.6 pum
A
—_— ]
'y
“ase 3 sS4 2 7 733
Case 3 LI6eV 1306V 15.81 b2 4.
r
0.12um
-
Case 4 — 17.57 658 33.55 79.6
: 1.30 eV L16eV ' 5
-
0.12pum 0.6um
o R e 3
/130ev T
SUEW
Case 5 5 18.34 669 3446 79.6
1.30eV | 1.16¢V

0.12pm Llpum
-~ I
. Al eV N . .
Case 6 - 18.39 675 3431 79.4
2| 1.30eV | Ll6eV
Case 7 Same profile as Case 6 19.83 HEE 3442 B3 8

An optimal graded band-gap profile, such as a double grading consisting of SCR grading
and back surface grading, improves the efficiency significantly [61]. A new world record

efficiency of Cu(In,Ga)Se; thin-film solar cells is 20.3% [62].

5.2 Photon Energy and Flux
Light travels at speed ¢ in vacuum which has a frequency f and a wavelength A.

Frequency can be related to the wavelength by the speed of light in the equation:
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= Af (5.1)

The energy of a photon, as described in “The Basics of Quantum Theory”, is given by the

equation:

E =hf (5.2)
c_he (5.3)
p)

The higher the frequency, shorter is the wavelength, and the greater the energy of the
photon.

Photon flux is another important concept because it allows us to understand how much
light actually comes into contact with devices on the surface of the earth, and therefore
how many electrons can be generated for current flow. Flux is a fancy word for the
amount of something coming into contact with or passing through a given surface area.
Therefore, the photon flux is just the amount of photons incident on the surface of a solar

cell in a given time. The photon flux is given by the equation:

(5.4)

photons

Area

Number
O = —— P

where, @ is the photon flux, Number is the number of photons per second and Area

photons

IS in square meters.
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5.3 Generation Rate
The generation rate gives the number of electrons generated at each point in the device
due to the absorption of photons. Generation is an important parameter in solar cell
operation.
Neglecting reflection, the amount of light which is absorbed by a material depends
on the absorption coefficient (o in cm™) and the thickness of the absorbing material. The

intensity of light at any point in the device can be calculated according to the equation:

I (5.5)

where, « is the absorption coefficient typically in cm™ x is the distance into the material
at which the light intensity is being calculated and Iy is the light intensity at the top
surface.

The equation can be used to calculate the number of electron-hole pairs being
generated in a solar cell. Assuming that the loss in light intensity (i.e., the absorption of
photons) directly causes the generation of an electron-hole pair, the generation G in a thin
slice of material is determined by finding the change in light intensity across this slice.
Consequently, differentiating the above equation will give the generation at any point in

the device:

G=ade™ (5.6)

where, @y = photon flux at the surface, a = absorption coefficient and x = distance into

55



the material. The above equations show that the light intensity exponentially decreases
throughout the material and the generation is highest at the surface of the material. For
photovoltaic applications, the incident light consists of a combination of many different
wavelengths, and, therefore, the generation rate at each wavelength is different. The

generation rate at different wavelengths in silicon is shown below.

5.4 Absorption Coefficient

5.4 .1 Absorption Coefficient with Urbach Tail
The absorption coefficient determines how far into a material light of a particular
wavelength can penetrate before it is absorbed. In a material with a low absorption
coefficient, light is only poorly absorbed, and if the material is thin enough, it will appear
transparent to that wavelength. The absorption coefficient depends on the material and
also on the wavelength of light being absorbed.

The absorption coefficient o is composed of two parts. When hv<Eg+Ey/2, weak

sub-bandgap absorption takes place, a is proportional to exp[(hv—Eg)/ EUJ. When

hv>Eg+Ey/2, stronger absorption takes place and a is proportional to ,/hv—E_ [83]. Ey is

the characteristic Urbach band-tail energy and Eg is band gap energy. The Urbach tail
dominates absorption near but below the band gap and further below the band gap is

dominated by free-carrier absorption [63].
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Urbach tail
o= C(g E?\p[(E—Eg)J"{EUIbaCh]

Free-carrier
absorption

-

~
-~
-

Absorption coefficient

-
-
.
———
-

Ideal semiconductor absorption
o < (E - Eg)l/2 (direct gap)
o o< (E - Eg)?

(indirect gap)

-
Energy

Figure 5.2 Absorption coefficient of a semiconductor with band gap E4 versus energy.

[64]

5.4.2 Urbach Energy

-l ﬂE I
(eV) Ec E,
Doping
Urbach tailling
AE @
(V) Ec Ey

Figure 5.3 Urbach tail occurrence scheme.

Urbach tail can be a telltale signature of the presence of impurities and disorder [65].

Urbach tail is due to the broadening of the exciton absorption band which occurs when

charged impurities in the lattice induce phonon-induced micro-electric fields.
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The exponential conduction-band (CBT) model developed by Grein [66] assumed
that a “transport edge” E. exists within the electron density, g(E), of the conduction band.
In some amorphous semiconductors, such as a-Si:H, the absorption is dominated by a
single band tail. CBT model denotes that the absorption is dominated by the conduction
band tail. The electron does not interact with phonons; thus no valence-band tail forms in
its approximation. lonic crystals, other insulators, crystalline semiconductors, and
amorphous semiconductors show experimental tails in the energy dependence of the

optical absorption.

hv—E, j (5.7)

a=aq, exp[

u
Ey is the Urbach energy which represents the width of the exponential tail, Ef is the
energy of the Urbach focus which coincides roughly with the energy of the lowest free
exciton at zero lattice temperature. The width Ey appears to have additive contributions
from thermal origin, Ey, and structure origin, Eg [67]. For high quality crystalline
semiconductors, Ey is a direct measure of the temperature-induced disorder, while for
amorphous or highly doped materials, Ey becomes larger because of the contributions

from both thermal and structural (topological) disorders.

E, =E,+E, =k|U?) [+k|U?) | (5.8)
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U is mean square displacement (also called thermal shifting) of the atoms in an alloy
that arises from both static and dynamic disorder. The first term represents the
contribution of electron/exciton-phonon interaction like the Debye-Waller factor and the
second term is due to the mean-square deviation of atoms, caused by the structural
disorder, from a perfectly ordered lattice.

The width of the exponential tail Ey in long wavelength, can be described by the

form Ey=kT/o+W;, where the steepness parameter [68]:

o =a,(2kT /hv, Jtanh(hv, / 2kT) (5.9)

W; describes the broadening of the edge due to the static (defect induced) disorder,
Wy=kT/o describes the broadening by the dynamic (phonon induced) disorder. The
temperature dependence of Ey, is linear above the Debye temperature ©, then dropping
rapidly at ® and passing over to power law variation at low temperature, clearly
implicating phonons. Eg increases with the structure disorder, implying that Eg, arises
from the instantaneous thermal disorder introduced by phonons.

Ey can be modelled as an Einstein oscillator which takes into account contributions
of dynamic thermal, static structural and compositional disorders. According to this

model, the Urbach energy can be expressed by:

E, =[E,(T)+E,(X,C)]= Ale®" -1]" +B (5.10)
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where, A and B are constants related to thermal, structural and compositional disorders. ©,
the Einstein temperature, is the same as that discussed earlier in the temperature
dependence of the band gap. Cody [69] explained a similar variation of Ey in a-Si using

an empirical relation of a modified version of Eq. (5.10):

ko[(Lrx) 1 (5.11)
e

X is an adjustable parameter related to the structural disorder. The value of ® is obtained
from a theoretical fit of the temperature dependence of E4 using the Manoogian-Wolley
relation [70]. oo varies from 0.7 for highly ionic crystals such as NaCl to about 4 for InAs.
Its value for CdS is 2.2. For single crystals (low X values) of CdS, Ey is 11.9meV at
300K and 5.1meV at 77K. The effect of disorder, caused by radiation and excessive
doping, on the experimental value of X has been reported in the literature. For highly
copper-doped CdS films, X can be large as 32-58 [71].

The Ey(T) behavior is compared with the model proposed by Manoogian and

Woolley [72]. This is described by:
E,(T)=E,(0)-UT* -Ve[coth(®/2T)-1] (5.12)

where, E4(0) is the band gap energy at OK, the second term represents the effect of the
lattice thermal dilation, and the third term is related to the electron-phonon interaction

[73].U, s, V and O are adjustable parameters nearly independent of temperature [74, 75].
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® is the frequency of phonon excitation which is approximately related to the Debye

temperature ®Op through ® =~ (3/4)0p.

5.5 Quantum Efficiency

The quantum efficiency (QE) is the ratio of the number of carriers collected by the solar
cell to the number of photons of a given energy incident on the solar cell. The quantum
efficiency may be given either as a function of wavelength or as energy. If all photons of
a certain wavelength are absorbed and the resulting minority carriers are collected, then
the quantum efficiency at that particular wavelength is unity. The quantum efficiency for
photons with energy below the band gap should be zero theoretically. However, because
of the existence of Urbach tail, photons can also be absorbed with energy below the band
gap.

There are two types of quantum efficiency of a solar cell that are often considered.
External quantum efficiency (EQE) is the ratio of the number of charge carriers collected
by the solar cell to the number of photons of a given energy incident on the solar cell
from outside (incident photons). Internal quantum efficiency (IQE) is the ratio of the
number of charge carriers collected by the solar cell to the number of photons of a given

energy that shine on the solar cell from outside and are absorbed by the cell.

5.6 Quantum Efficiency Model
5.6.1 The Position-dependent Absorption Coefficient
Considering both absorption processes, Mattheis [76] developed a model to describe the

absorptance; the absorption coefficient o is modeled by Kichartz [77] as follows:
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h—E,/2—E (5.13)
a(hv<Eg+EU/2)=A/E7Uexp( VTR IeT )

EU
a(hv=E +E,/2)=A/hv-E,

where, A is a constant for fundamental absorption in a direct band gap semiconductor.
When photon energies are even slightly above the band gap, band-tail absorption
superposes with direct absorption in a direct band gap semiconductor. The value
hv=E4+Ey/2 is to fulfill the requirement that a(hv) is a continuous and derivable function.
However, the exact value of the transition energy corresponding to tail to band absorption
has not been determined precisely [78].

The generation rate at distance x from the surface is:
G(x,hv)=—a(x, hv)@(x, hv) (5.14)
G(x,hv) can also be described as photon flux @(x, hv) in unit depth [79]:

_0g4(x,hv) (5.15)

G(x,hv) = p
X

According to Eg. (5.14) and Eq. (5.15), we obtain a differential equation for the photon

flux @(x, hv) using a position-dependent absorption coefficient a(x, hv):

_a¢(;,( W) a(x, ), hv) (5.16)
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5.6.2 Modeling of Double-graded Band Gap Structure — Application to Solar Cells
We consider the double-graded band gap structure; the solar cell is modeled by two

linearly graded regions as shown in Figure 5.4.

Energy

0 X¢ front w Xc back d D epth

Figure 5.4 Energy diagram of a double-graded band gap absorber. Light is incident from
the left.

The position-dependent band gap is given by:

E,(0<x<w)=E;,,,—x=(W-X)B+E,, (5.17)

E,(W<x<d)=E,, +(X=W)y =E, o (d=X)y (5.18)

pand yare grading parameters which are defined as follows:
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ﬁ _ Efront - Emin (519)
w
Eback B Emin (520)
T dw)

According to Eqg. (5.13), a photon with energy between Enin+Eu/2 and Egoni+Eu/2 will be
absorbed through the Urbach tail from x=0 up to the coordinate Xt ont Where band to
band absorption begins. When hv= Enin+Ey/2 , the layer thickness is w.

As in the previous analysis, a photon with energy between Eni, and Epack Will be
absorbed by band to band absorption and sub-band gap absorption from X=Xpac to Xx=d. In
order to proceed with the solution for Eq. (5.16), three absorption regimes are defined

that yield different solutions for ¢(x, av):
Region 1: hv<E.;, +E, /2 where only sub-band gap absorption takes place.

Region 2:E_ +E,/2<hv<E, ,+E,/2, where the range X;,,, < X < X,,«1S band to

front
band absorption; sub-band absorption takes place elsewhere.

Region 3: hv>E,, ,+E, /2, the range x < x,,. IS band to band absorption; sub-band

front

absorption takes place elsewhere.

5.6.3 Quantum Efficiency Calculations
The internal quantum efficiency (IQE) of solar cells, defined as the fraction of extracted
charge carrier flux to absorbed photon flux, is critically determined by the absorption
coefficient o of the material and the carrier collection function fc of the cell. The internal

quantum efficiency (IQE) of a photovoltaic absorber, between the depths x; and x, is
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defined by the integral:

% (5.21)
j G(x, hv) f, (x)dx

IQE(hv) =

¢ (V)

where, G(x,Av) is the generation rate of carriers obtained and fc is the probability that a
carrier reaches the contact, contributing to the photocurrent [80].

The interpretation and analysis of experimental IQE curves depend strongly on the
detailed knowledge of the absorption and electronic properties of the solar cell. Assume
the case where carrier collection is perfect, i.e. fc=1, and proceed to the non-ideal

collection case. The IQE curves are obtained from [81]:

_ (%, hv) — g(x,, hv) (5.22)
P(X;, hv)

IQE,.,, (hv)
The solution of photon flux ¢ of each region is shown below:

Solution in region 1:

0 X¢ front w X

When 0<x<w,

a hv — EU 12— Efront
p0<x<wW)=¢, exp{ 'i‘/%“ﬂ exp( Y . J{l—exp (%ﬂ}

When w<x<d,
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plw< x<d) = g(w) exp{‘%y exp(hv_ S j{exp (w-x)y _1}

At x=0, ¢(0)=4¢,,

3/2 hv—E,/2—-E E. —E._
At X=w, g(w)=4, eXp{A:/%’ﬁ eXp( T ff°"tJ{1_e>qo(—ff°";E m
U U

Atx=d,

AE?? hv—E, /2—E AE?3? hv—E, /2—E
d — w)e U e U back | _ U ) U min
P =ow) Xp{ \/57 Xp( = j \/57 Xp( = J}

Solution in region 2:

0 Xc front W X¢ Jback

When 0< X< Xqones

32 h _EU//Z_Efront
¢(0 X< Xfront) = ¢0 exp{ T/Ezuﬁ exp( Y EU J|:1— exp [%J:H

When X, SX<W,

¢(Xfront <X< W) = ¢(Xfront) eXp {% |:(E7Uj - (hV _E front+ﬁ)x)3/2:|}

When W< X< X,

¢(W <X< Xback) = ¢(W) EXP {:23_'; [hV - Eback + (d - X)7]3/2 - % (hV - Emin )3/2}

When X, <x<d,

AES/2 hv—E /2+ (d — X)]/ AES/2
DXy < X<d) = (X exp U e u _"=u
( back ) ( back) { ,—2}/ Xp|: ] \/EJ/

Atx=0, 4(0)=4,
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AE3/2 hV_EU /2_Ef . AE3/2
Atx =X ront? Xfron € = |- 9
front ¢( f t) ¢0 Xp{ \/_ﬂ [ EU \/Eﬂ

Atx=w, ¢(W) ¢(Xfront) exp{zg |:( E j - (hV - Emin )3/2:|}

At X= Xback ’ ¢(Xback) ¢(W) exp { 2A (E_Uj - % (h - Emin )3/2}
3y\ 2 3y

AE}? hv—E, /2-Eps |
Atx=d, ¢(d)= ¢(Xback)e><p{ \/_7 {exp( E, J 1}}

Solution in region 3:
0 X

w xc, back

c front

When 0<x<w,

¢(0 <Xx< W) = ¢0 EXp {2_2 [(hV - Efront)3/2 - (hV— Efront + ﬁ)x)yz]}
When W< X< X4,

W< X< Xyn) = ﬂwﬁn{ 2By~ By +(d - ﬂﬂm‘%émv‘amfm}
3y /4

When X, <x<d,

AEF?  hv—E,/2-E,+(d—-x)y| AEZ?

Xpack < X <) =@(Xpo0) € Ve . ack R

¢( back ) ¢( back) Xp{ \/E}/ Xp|: EU \/57
Atx=0, $(0)=4,

Atx=w, ¢(W) ¢0eXp{2A[hV_Efront /2_(hV_Emin)3/2]}
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ALX = Xoagr P(Xoaa) = (W) XD {2—': [%) —(hv-E,, )3/2}}

AE¥?[  (hv—E, /2-E
Atx=d, ¢(d)=d(Xpu) P —F——| € Y back |1

The quantum efficiency can be calculated according to Eq. (5.22) and the simulation

result is shown in Figure 5.5 with the variation of .
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Figure 5.6 The comparison of simulation results and experimental results. Left is the
simulation result which is internal quantum efficiency IQE vs. Wavelength. The red part
is region 1, indigo part is region 2, green part is region 3 and blue part is region 4. On the
right side is the experimental result: Normalized QE for selected devices incorporating
absorbers with normal and double profiling. [82]

The diagram on the right side of Figure 5.6 shows the normalized quantum efficiency
(QE) of selected normal and double profiling devices from Ref. [82]. The experimental
data reveals that normal profiling devices do not collect efficiently in the long
wavelengths. The double profiling devices, on the other hand, not only have an improved
response in the long wavelengths but in the short wavelengths as well. Comparing the
simulation results shown on the left with the experimental data, it fits well with the

experimental results. As the gradient parameter S decreases, the quantum efficiency curve

broadens in long wavelengths which is shown in Figure 5.6
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5.6.4 Temperature-dependent Quantum Efficiency
The temperature dependence of the Urbach energy, Ey can be calculated from Eq. (5.11),
assuming A=0.15, B=0.025 and the Debye temperature ®=130K. The temperature
dependence of Eg is given by the Manoogian-Wolley relation, assuming U=5x10",

V=3x10", s=1, E4(0)=1.04.
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Figure 5.7 The quantum efficiency of the CIGS solar cell as a function of temperature

and wavelength. The wavelength was varied from 0.2um to 1.1um, and temperature from
OK to 600K.
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The temperature dependence of the Urbach energy, Ey, can be calculated from Eq.
(5.11), assuming A=0.15, B=0.025 and the Debye temperature ®=130K. The temperature
dependence of Eg is calculated using the Manoogian-Wolley relation, assuming U=5x10",
V=3x10", s=1, E¢(0)=1.04. The temperature dependence of quantum efficiency is shown
in Figure 5.7. It indicates that, at short wavelengths, quantum efficiency does not vary
with temperature. At long wavelengths, the quantum efficiency broadens with increasing

temperature T.
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CHAPTER 6

CONCLUSIONS

The physical phenomenon of quantum-mechanical tunneling is investigated especially in
the non-parabolic band structure and with a variation of temperature. The conventional
non-parabolic approximation of real band structures can be modified and generalized to
approximate the complex band structures of common semiconductors with a significant
improvement in accuracy in comparison with the parabolic approximation. The tunneling
current density is calculated from a non-parabolic dispersion relation. In the calculations,
the supply function is replaced by a step function and a series representation of the
incomplete gamma function is used to reduce the solution. The tunneling current density
is greatly influenced by the behavior of the band structure and the non-parabolic behavior
of the band structure has additional contribution to the current density.
Quantum-mechanical tunneling is investigated especially in the non-parabolic band
structure and with a variation of temperature.

The quantum efficiency model based on CIGS solar cells has been discussed. In this
model, the gradient parameters are discussed. The experimental data reveals that devices,
with normal profile, do not collect efficiently in the long wavelengths. The double profile
devices, on the other hand, not only have an improved response in the long wavelengths
but in the short wavelengths as well. As the gradient parameter S increases, the quantum
efficiency also increases in long wavelengths. The temperature-dependent quantum
efficiency is investigated by modeling the temperature dependence of the Urbach energy
and band gap based on CIGS solar cells. It indicates that, at short wavelengths, quantum

efficiency does not vary with temperature. At long wavelengths, higher than 0.6pm, the
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quantum efficiency broadens with increasing temperature T.
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APPENDIX

FERMI-DIRAC INTEGRALS

The selected Fermi-Dirac integrals are given in this appendix. Considering the integrals

of the form,

0 Xp_1 (Al)
I(p)=| ——dx, >1
(p)=], g9 P
We can solve them using the geometric series expansion:
(A2)

I (p) = Lw eXxL:ldX = J.: dxe™ (1+ e )-lx p-1 :J': dxe_XL: (_1)k (e_x )k }X b1

(0 [ e = s D=y, =y (i +1)

where, {(p) is the Riemann zeta function, and I'(p) is the Euler beta function.
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Selected Fermi-Dirac integrals are summarized in the following table:

Table A.1 Selected Fermi-Dirac Integrals

p {(p) I'(p) | =(1-1/2"){(p)I'(p)
3/2 2.612 N 0.383Vn
5/2 1.314 3\n/4 0.650Vx

2 °l6 1 %12

3 1.202 2 1.803

4 7190 6 7r*1120

6 7°/945 120 311°/252
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