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ABSTRACT

Dr. Marco Nardone, Advisor

Solar cells based on the compound Copper Indium Gallium Diselenide, Cu(In,Ga;_,)Se2,
(or CIGS) are commercially important. The electronic properties of CIGS can be controlled by
varying the composition. This thesis present the numerical simulation to optimize the absorber
(CIGS)/buffer (CdS) interface region of Cu(In,Ga)Se, thin-film photovoltaic devices. Experimen-
tal data and theory indicate that a Cu-poor CIGS region exists near interface between the CIGS and
CdS. It has been implied that the Cu-poor region forms an ordered vacancy compound (OVC) that
has significant effects on device performance. In this work, we start with a benchmark device sim-
ulation compared to data, then add the OVC layer with variable properties, including the thickness,
band gap, electron affinity, doping, and defect concentrations to study the effects on overall device
performance. Since the band gap of CIGS can be spatially graded, we also consider the effects of
common single and double graded structures. Simulations were carried out using one-dimensional
simulation program SCAPS-1D and results reached maximum efficiencies of 20.1% — 20.3% for
double graded composition and 22.0% — 22.2% for single graded composition. The electronic
properties of the Cu-poor region do not appear to directly improve the device efficiency, yet sec-
ondary benefits should be noted, such as reducing surface defects at the CIGS/CdS heterojunction

and shunting that may occurs with Cu-rich deposition.
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CHAPTER 1 INTRODUCTION AND OBJECTIVES

World energy demand is increasing each year and for centuries fossil fuels have been the pri-
mary energy source for the human race. Replacing the dominant role of fossil fuels with alternative
energy sources has become one of the major concerns around the world. Among alternative en-
ergy sources, including hydroelectricity, wind power, biofuels, geothermal, and nuclear energy,
solar energy is a critical renewable source of energy due to its availability and low impact to the
environment [[1]].

Generating electricity using solar energy is achieved by photovoltaic (PV) devices. Among
several types of PV device technologies at present, those based on the compound Copper Indium
Gallium Diselenide, Cu(In,Ga;_,)Se,, (or CIGS) are commercially important due to several key
properties, including: low cost per Watt value, thin film nature, ability of tuning the band gap
of the absorber layer, and relatively inexpensive manufacturing techniques [2-4]]. The electronic
properties of CIGS can be controlled by varying the composition. Alkali elements, such as Na, K,
Rb and Cs are typically used as dopants and passivating agents to optimize the transport properties
of CIGS in a device structure [5-8]] .

The typical CIGS PV device is comprised of a stack of materials (described in detail in Section
[I.3). A thin layer of CdS is deposited on the CIGS to help with the formation of a p-n junction.
Experimental data and theory indicate that a Cu-poor CIGS region exists close to the interface
between the CIGS and CdS [6} 9, 10]. It has been implied that the Cu-poor region forms an ordered
vacancy compound (OVC) that has significant effects on device performance [11]. However, the
connection between the measured properties of OVC layers and device performance have never
been quantitatively evaluated. The main objective of this thesis is to investigate how variations in
the electronic properties, including the thickness, band gap, electron affinity, doping, and defect
concentrations of the CIGS/CdS interface region affect the overall device performance. Using
numerical calculations and starting from a published baseline model, CIGS PV device performance

will be predicted for a reasonable range of OVC layer parameters.
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The primary hypothesis is that OVC layer electronic properties have a significant effect on device
performance because it is located in the p-n junction and region of greatest photon absorption.
This implies that relatively small variations in the electronic features of the OVC layer will have

measurable effects on typical device metrics.
1.1 Background and History

The Sun is the most powerful energy source in the vicinity of the earth. It is a yellow star
that emits about 6.33 x 10” W m~? radiation through nuclear fusion. With a total surface area
of about 6.09 x 10> m?, the total energy emitted is about 3.85 x 10** W. But only a fraction of
that energy reaches earth and after going through the atmosphere only about 925 Wm~? reaches
the surface. Utilizing this clean energy has been a goal from the 18th century. Harvesting solar
energy is mainly done by two methods. The first method is solar energy in the form of thermal
energy. In recorded history, Swiss scientist, Horace de Saussure was the first to build a solar
thermal collector [[12]]. The second method is generating DC current from solar energy through
photovoltaic devices. In 1839, French physicist Alexander Edmond Becquerel was the first to
demonstrate the photogalvanic effect [[13)]. Then in 1873 Willoughby Smith, an English engineer
discovered photoconductivity in Selenium (Se), which sequentially led to producing the world’s
first solar cell by an American inventor, Charles Fritts [14]. In 1883 he created his solar cell
by melting Se onto a metallic substrate and using a gold film as a top contact. The next major
discovery happened in 1954 at Bell Labs in the USA - the discovery of p-n junction diodes, which

built the foundation of the modern photovoltaic industry [[15].
1.2 Generations of Photovoltaic Devices

Colloquially, there are three generations of PV devices. This categorization was carried out
considering efficiency, cost, and technology. In first generation solar cells, there are two sub cate-
gories:

a) Single crystal, based on Silicon or GaAs,

b) Multi-crystal, based on Silicon,
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Compared to multi-crystal solar cells, single crystal solar cells could achieve higher efficiencies
but were very expensive to manufacture. Silicon based technologies (single and multi crystal) re-
main the most common types sold commercially. GaAs devices are more expensive but provide
more power per unit area and are therefore popular for space applications.

With second generation solar cells, the most significant feature is that they are thin films. The
absorber thickness is on the order of 1-5 pm, whereas first generation Si cells are 100-500 pm
thick. These thin film cells absorb light much more efficiently due to the direct band-gap nature
and lager absorption coefficient of the semiconductor [[16]. Compared to the first generation, pro-
duction cost is very low due to minimal material consumption and large-area, high throughput
deposition. The most common solar cells in the second generation are:

a) Amorphous Silicon (a-Si),

b) Cadmium Telluride (CdTe),

¢) Copper Indium Gallium Selenide (CIGS).

Although second generation cells have lower efficiency, their cost per Watt value is quite com-
petitive. They have also suffered from reliability issues which have improved over time. Due to
the thin film nature, these solar cells could be used in many devices including windows, flexible
devices, cars, and even in hand-held devices [17].

Relative to the second generation solar cells, third generation solar cells claim to provide much
cheaper production cost which would lead to getting more effective cost per Watt values. The most
significant technologies associated with third generation solar cells are:

a) Dye-sensitized,
b) Perovskite,

¢) Organic,

d) Quantum dot.

Although this generation of solar cell technologies promise to provide cheaper production cost
and a wide range of applications, current lab scale cells still report low efficiencies of around 10%

except for some perovskite cells [18]]. Furthermore, with the current state of this generation of
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solar cells there are a few prevailing issues with some technologies, which include time consuming
installation processes, short lifetime, stability, environmental concerns, and the requirement of

large area to provide desirable power [19][20].
1.3 CIGS Devices

This section introduces the physical structure of CIGS solar cells and various characteristics of
different layers of CIGS solar cells. These devices are called CIGS solar cells due to the absorber
layer material and known for cost-effective power generation. Each layer in a CIGS solar cell
serves a vital role in maximizing power conversion efficiency. The basic structure of the CIGS PV
device is shown in Figure L[]

Typical CIGS solar cells use soda lime glass as the substrate due to factors including soda lime
being electrically neutral and a cost-effective material. Also, it is claimed to help Na diffusion
from the glass to CIGS/CdS interface through grain boundaries in CIGS; which provides several
benefits that enhance the efficiency [21] [[7]. Other alternatives such as stainless steel and flexible
polymers are also used as a substrate [17]. The Molybdenum (Mo) layer acts as the back contact
in CIGS and helps to reflect light back into the CIGS layer. Also, Mo is preferred as a back contact
for CIGS due to its low reactivity and for forming a low resistivity ohmic contact with CIGS [22]].
The CIGS semiconductor acts as the photon absorber layer where the majority of electron-hole
pair production happens and it has a thickness of about 2 pm. CIGS has the chalcopyrite lattice
structure with tetrahedral bond arrangement [23]. Being a direct band gap material, CIGS has a
high absorption coefficient which makes it possible to use as an absorber layer in thin film solar
cells. Figure[I.2]shows the chalcopyrite lattice structure for CIGS. Cu vacancies (V¢,) in the CIGS
structure tend to make it p-type (acceptor type) [24]].

Interchanging Ga and In atoms produces a different stoichiometry of CIGS, Cu(Ga,In;_,)Se,,
where x represents the Ga atomic fraction (GGI). Variation in Ga composition changes the lattice
constant of CIGS, which changes the bandgap [21]]. The relationship between the bandgap and Ga
composition is further discussed in Section The n-type CdS layer mainly serves two purposes,

it acts as the protective layer for CIGS when sputtering ZnO, and CdS is helpful to create lattice
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Figure 1.1 Basic structure of the CIGS PV device.



Figure 1.2 Lattice structure of CIGS [23]].

matching between ZnO and CIGS for better efficiency [26]. The intrinsic, i-ZnO, layer acts as a
high resistivity layer to reduce shunting but it must be very thin so that it does not affect the current
collection. The transparent conductive ZnO layer doped with Al acts as the window layer and it
collects the generated electrons for transport to metal contacts.

Commercial manufacturing of CIGS solar modules involves various deposition techniques for
each layer. Figure[I.3]shows a schematic of how a typical module is monolithically interconnected
by large area deposition and scribbling and lines represented by P1, P2, and P3. Typically, Mo is
sputtered onto the substrate, then cut P1 is done by laser or mechanical scribing. CIGS and CdS
layers are then deposited using chemical bath deposition for CdS and co-evaporation of elements
for CIGS. Next, the intrinsic ZnO layer is deposited using a sputtering technique, followed by
second cut P2. After that, the transparent conductive ZnO layer is deposited using a sputtering
technique. P1, P2, and P3 cuts serially connect CIGS solar cells completing the monolithic module.

The P1 cut simply separates the Mo back contact of two cells, the P2 cut connects one solar cells
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front contacts with the adjacent cell’s back contact (Mo layer), and the P3 cut separates both cells
front contacts to avoid short circuits [21} 27, 28]. In this way, large area thin film modules are

produced.

ractivearea 1 monolithic contact area
¥ Il §1

\ sosiote 1 P1 | G1|P2 | G2|P3 \\ PI|GL|P2 |G2|P3

-

Il

Figure 1.3 Monolithic interconnect structure of CIGS modules [27].

1.4 Ordered Vacancy Compound Layer

As mentioned in the introduction, a Cu-poor layer is intentionally formed during CIGS de-
position near the CIGS/CdS interface. That approach yields higher performance devices. The
underlying reason, however, is unclear. In practice the non-stoichiometric layer (OVC layer) is
included because it has been found that increasing copper results in device shunting, which is
very determinental to device operation [29]. Yet several publications suggest that the electronic
properties of the OVC layer provides unique benefits in terms of doping and band alignment.
This section provide specific information regarding the OVC layer from literature. The existence
of a 15nm thick ordered vacancy compound layer (OVC) or an Ordered Defect compound layer
(ODC) was suggested by analyzing results from the cross-over of dark and light current-voltage
(JV) curves [9]. Formation of an OVC layer as result of stacking pairs of Ordered defect pairs
(ODP) consisting of two Cu vacancies and an In or Ga on a Cu site (2V¢, + (In, Ga)s,) was
predicted by atom probe tomography (APT) [10]. Transmission electron microscopy indicated
the existence of a Cu-poor region within first 400 nm of the CIGS/CdS interface into bulk CIGS
[10]. Analysis of the Cu concentration profiles of OVCs and CIGS suggested varying stoichiome-
try from Cuy(InGa),Se; , Cuz(InGa);Sey, to conventional Cu(InGa)Se, [[10].There are also reports

of a 135-CIGS on Cu-poor CIGS surface [30-32]. In one experiment, a 135-CIGS stoichiometry
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was intentionally deposited on 112 CIGS [33]]. It was found that the Cu-poor 135-CIGS had a

large band gap than 112-CIGS and combined structure had a lager band gap than 112-CIGS alone.
High-angular annular dark field (HAADF) scanning transmission electron microscopy also pro-
vided evidence for the existence of a Cu-poor or OVC layer in the first 100 nm within the CIGS
layer [6].

Although the exact nature of the Cu-poor/OVC layer is still debatable, different aspects were
forwarded; some literature suggested the Cu-poor/OVC layer to be n-type doped [34]], contrary
to those models, the existence of an acceptor type (p-type) Cu-poor/OVC layer with high accep-

tor concentration (2.6 x 10'"cm™

[11]) was suggested. High vacancy defect densities have also
been measured by positron annihilation spectroscopy [35]. In addition to stoichiometry and doping
measurements, a valance band offset of about 0.2 eV between the CIGS and OVC layer has been
suggested to improve device performance[36l]. These electronic features and their observable ef-
fects are elaborated upon in this thesis, consistent with the objective described in the introduction.

Also due to acceptor defects having donor-like states expected to produce a valance band offset
about 0.2eV closer to interface, as consequence of it efficiency expected to enhance by limiting
holes traveling in to defect high interface region[6]. Further analysis about the effects of the OVC
layer should be carried out to test whether electrical properties including the thickness, band gap,

electron affinity, doping and defect concentrations of the OVC layer could enhance the overall

efficiency of the PV device.



CHAPTER 2 THEORY

This chapter focuses on the physics of PV devices and a numerical calculation method to solve
the underlying equations. Further details on theoretical aspects and applications can be found in

other published works [37],[38]],[39] and the SCAPS software manual 2018 [40].
2.1 Semiconductor Equations

The equations involved in analyzing the semiconductor device are the Poisson equation [Eq.
(2.1.1)] and current continuity equations [Egs. (2.1.3)]. The relationship between electric potential

(1) and charge density (p) depends on the electric permittivity (¢) and is given by,

Vi) = —p. (2.1.1)

For one-dimensional analysis Eq. (2.1.1)) can be expressed,

egﬁz—p:qm—p+NA—Nb+pTy (2.1.2)
where n, p, N4, and Np represent the electron, hole, acceptor, and donor concentrations, respec-
tively. It should also be noted that, in this case, donors (/Np) and acceptors (/V4) are dopant
concentrations and pq. ¢ represents the charged defect distribution. g is the elementary charge.
The following current continuity equations provide information about free charge carrier distri-

butions inside the semiconductor. The time-dependent continuity equations include the difference

of electron-hole (e-h) pair generation rate (&) and recombination rate (U,, ;) and are given by,

oJ, on
U= (2.13)
O g va=2 (2.1.4)

ox ot
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where J,, and J, are electron and hole current densities respectively. For steady-state conditions

time-dependent terms become zero. Hence, Eqs. (2.1.3) and (2.1.4) reduce to,

0 -U,+G=0. (2.1.5)
ox

dJ, _

SL-U,+ G =0, (2.1.6)

The current density inside the semiconductor is comprised of two components: drift and diffu-
sion. Drift current is caused by the internal electric field and the diffusion component is caused by

the charge concentration gradient within the semiconductor. The total current densities are then,

Jn — Jg’rift + ngffuszon (2.1.7)

Jp — Jgrift+JZ§liffusion (218)

2.1.1 Drift Current

Drift current is defined for both electrons and holes using the following equations with charge

concentrations (n, p), drift velocities (v,,, and v, ), mobilities (u, ), and electric field (§).

T = qnvg s = qnpné (2.1.9)

Tt = qpua,, = qppyé (2.1.10)

Mobility depends on scattering due to lattice parameters, ionized impurities, and grain bound-

aries. Hence, mobility could be defined using the mean free time (7,,) or mean free path (\,,), and
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effective masses of electron and holes (m; )

m >\m
p=4m _ 4 2.1.11)

m*  3kTm*

Hence, Eqns. (2.1.9) and (2.1.10) can be modified as,

A

/3ET'm;,

JIrift — ¢*n €. (2.1.12)

A

A/ 3]{:Tm;;

JI = ¢p £, (2.1.13)

2.1.2 Diffusion Current

Diffusion current is due to charge migration from a region of higher concentration to a region
with lower concentration. Flux of charge (electron and holes) (J,, ;) can be explained by Fick’s

law, with diffusion coefficient given by D,, ,,

. ) 0
Jlissusion — qp, 7. (2.1.14)
ox
e dp
di f fusion
Jdu Jusion: — —qDp7 . (2.1.15)

The diffusion coefficient is related to mobility by the Einstein relation where £ and 7' represent
Boltzmann constant and temperature,

kT
Duy = linn) (2.1.16)

Given the above expressions for drift and diffusion current densities, the one-dimensional total

current densities within semiconductor given by Eqgs. (2.1.7) and (2.1.8) can be re-written as,

, o )
Jn — Jgrzft + ngffuswn — qnﬂ/ng‘f‘an

n
o (2.1.17)
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ri if fusion ap
Jp = JIrt 4 JaIT :qp,upf—qua—x. (2.1.18)

2.1.3 Generation of Electron-Hole Pairs

The dominant mechanism of free electron and hole generation in solar cells is intrinsic optical
absorption of photons with energy greater than or equal to the absorber band gap. The generation
rate [G(\, )], at a distance x from the surface, for an incoming photon with wavelength \, depends
on the photon flux [V, (A, z)] and the absorption coefficient [\, z)]. The generation rate can be

written as,

G\, ) = (A, 2) Nphot (A, ). (2.1.19)

The photon flux decays exponentially in to the material according to Npnot = Nppoto €Xp(—ax),
where Nppo0 1s the incident flux. Integrating the generation rates with respect to wavelength for

the spectral bandwidth provides the net generation rate G(x) at a distance x from the surface,
)\rna:c
6@) = [ aldx) Nyur )i (2.1.20
)\min

where the absorption coefficient, a(\, x), depends on the material. For this research we used the

following model for the absorption, which is appropriate for direct band gap semiconductors [37],

a(Ax) = A\ — — E,(v), (2.1.21)

where A ~ 10° cm~'eV~2 is a model parameter, A, ¢, and \ represent reduced Planck constant,
speed of light, and incoming photon wavelength. In thin films, multiple reflections must be con-

sidered because light absorption is typically not achieved in one pass. Calculating photon flux
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[ Nphot (A, )] at x distance is handled by the following equation [40].

1+ Rpaek(N) exp[—2(d — z) (A, )]
1 = Rk (A) Rint(A) exp|—2dav(A, )]
(2.1.22)

Nphot( A, ) = Nppoto(A, ©)[1 — Rpront(A)] exp[—za (A, z)]

where Nppot0(A, ) is the photon flux at the illuminated surface, R0, is the reflection at the front
contact, Ry, is the reflection at the back contact and R;,; is the internal reflection at the front

contact.
2.1.4 Recombination

The reverse process of e-h pair generation is the recombination process. Recombination acts
to restore equilibrium after a perturbation creates e-h pairs. In solar cells, recombination decreases
device performance. Two main recombination categories can be identified:

1) band-to-band, and

2) recombination via defects.

Band-to-band recombination - Electrons in the conduction band exchange energy to a radiative or
Auger process. In the radiative process a photon is emitted to conserve energy as an electron de-
creases its energy by shifting from the conduction band to the valence band. Direct recombination
can also occur by the Auger process where an electron or hole loses energy through collision with
another free carrier. The latter is more probable when the free carrier concentration is very high.
The rate of radiative recombination is proportional to the product of electron and hole concentra-

tions and can be calculated by following equation,

Uradiative = K(np - 773)7 (2123)

where K is the radiative recombination constant and n; is the intrinsic (equilibrium) carrier den-

sity. Radiative recombination is more preferable in direct bandgap semiconductor with K ~

3

10~ *%m?3s~! compared to indirect with K ~ 10~%cm®s~!. However, in most thin film devices,

defect levels in the band gap can be of sufficient densities to make non-radiative (trap-associated)
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recombination the dominant mechanism, even though they have direct bandgaps.
Recombination through defects- non-radiative recombination of electrons and holes via defects,
also known as Shockley-Read-Hall recombination, occurs through the release of multiple phonons.

The net rate of Shockley-Read Hall recombination is given by following equation,

O_no—pvthNt (np - n?)

O'n(n +n; eXp(%)) + Op<p +n; eXp(Eik—TEt )) )

Usrir = (2.1.24)

where NV is the density of defects, o, and o), are the capture cross sections for electrons and holes,
L is the defect energy level in the bandgap, vy, is the thermal velocity and F; is the intransic

energy level. Usgy 1s a maximum when £y = E; and the above equation reduces to,

O-na-pvthNt(np - TL?)

on(n+mn;) +op(p+mni) (2.1.25)

Usra =

2.2 Junction Formation

The equations and terms described thus far provide a general and basic description of charge
transport in the most common semiconductor materials. A critical requirement for a PV device,
however, is a built-in electric field that effectively separates e-h pairs. That field, or built-in poten-
tial, V};, is established by joining two materials with different Fermi levels with respect to vacuum.
That can be accomplished with two semiconductors as a homojunction (for two of the same semi-
conductor with different doping levels) or a heterojunction (for two dissimilar materials), or as a
metal/semiconductor Schottky junction. In CIGS devices, the CIGS/CdS interface forms a hetero-
junction where the CIGS is p-type (hole dominant) and the CdS layer is n-type (electron dominant).

In general, when two semiconductors with different Fermi levels (or free carrier densities) are
brought into contact, charge flows between them until the Fermi level attains a constant, shared
value, as shown in Figure

The flow of free charge leaves behind fixed dopant charges (negative N4 or positive Np)
thereby setting up a dipole and built-in field in accordance with the Poisson equation Eq. (2.1.1).
The free charges are balanced between diffusion due to the concentration gradient ( see Eq[2.1.15)and
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n-type

Figure 2.1 Formation of a pn junction, a) combining p-type and n-type semiconductors. b) balanc-
ing of the Fermi levels as the junction comes to equilibrium.

drift due to the electric field (see Eq. [2.1.9)). The electrochemical potential, defined by the Fermi
level, is flat and no charge flows. When a voltage bias is applied to one contact at the ends of
the semiconductors or photons excite free carriers, equilibrium is disturbed, allowing the flow of
electrons and holes. The flow is exponentially reduced in one direction due to the built-in voltage,
causing rectifying (diode) behavior. A typical current-voltage relationship can be demonstrated by
diode (or Shockley) equation [37],

qVp

Jp = Jilexp(—2) = 1] = J1. (2.2.1)

where Vj is the bias voltage, Jp is the diode current density, .J; is the saturation current density,
J1, is the light induced current density 7' is the absolute temperature, % is the Boltzmann’s constant,
and n is the ideality factor varies from 1 to 2. An example of the J(V') characteristic for a solar

cell and related performance metrics are provided in Section [3.5]
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2.3 Interface States

Like most heterojunctions, the CIGS/CdS interface is prone to a high density of defect states
that can act as surface recombination centers and charge centers that affect charge transport and
the built-in field. The interface defects come about due to lattice mismatch between the materials,
impurities during deposition, and incomplete or wrong bonds at the material surfaces. Heterojunc-
tions also have discontinuities in electronic properties, such as band gap, F, electron affinity, ,
and permittivity, e. The extension of the homojunction model to include those discontinuities is
called the Anderson model [41]. An important aspect of this work is the discontinuity in y which

leads to differences in the conduction and valence bands, called band off-sets defined as,

AE, = —x2+x1 and AE,=x2—x1+ Egp— Eg. (2.3.1)

The subscripts 1 and 2 represent semiconductor 1 and 2 in the heterojunction. The schematic of a
heterojunction in Figure [2.2] shows the band offset at OVC/CdS interface. By increasing the band

gap at the interface, recombination at the interface states (short lines in the bandgap) decreases.

Figure 2.2 A figure of a simple heterojunction showing the conduction and valence band offsets
and x and £,,.
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The ideal model is not typically realized in practice. Interdiffusion of elements between the two
semiconductors causes a smearing of the properties rather than discontinuities. Interface states
that are difficult to isolate and measure are also common. In CIGS/CdS devices, the formation
on an OVC layer has been observed, as discussed in Section In practice, the OVC layer is
caused by the intentional reduction of copper content during deposition of that region of the device.
Increasing the copper content to stoichiometric levels often results in deleterious effects, such
as current shunting which circumvents the built-in potential. This work considers the electronic

properties of the interface region of the CIGS/OVC/CdS layer.
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CHAPTER 3 METHODOLOGY

The methodology in this work entailed numerical calculations to solve the coupled semicon-
ductor equations, establishment of a baseline model by comparison to relevant data, and extension
of that baseline model to include an OVC layer with reasonable parameter values informed by a

literature review.
3.1 Numerical Calculations

Numerical simulations were carried out for analyzing the effects of electrical properties of the
OVC layer towards the device efficiency; SCAPS 1D software was used to carry out numerical
simulations [42],[40]. SCAPS 1D is an open-source, one-dimensional solar cell simulation soft-
ware. This program was developed at the Department of Electronics and Information Systems
of the University of Gent, Belgium. Numerical calculations were carried out by using the finite
difference method to solve the coupled semiconductor equations discussed in Chapter 2, repeated

here for convenience.

0? e
ea—;fzq(n—ijNA—ND—l—pdf) (3.1.1)
0x -U,+G=0 (3.1.2)
Ox
0J,
zr = 1.
5y U tG=0 (3.1.3)

where 1, n, p, N4, and Np represent the electric potential, electron, hole, acceptor, and donor con-
centrations, respectively. The electron (.J,,) and hole (J,) current densities along with the recombi-
nation (U,,,U,) and generation rates (), were also elaborated upon in Chapter 2. It should also be
noted that, in this case, donors Np and acceptors N4 are considered as the dopant concentrations

and pq. s represents the defect distribution.
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3.2 Baseline Models

As the first step, four models (A-D) were developed without the OVC layer (refer to Figure[I.1)
to build suitable baseline models with data provided in [43]. All model parameters are indicated in
Table [3.1] and the major differences among the four models were different defect configurations.
Numerical analyses were carried for both single and double graded Ga compositions, as discussed
in in Section [3.3] Therefore a total of eight baseline models were considered.

Model A had the simplest defect configuration of midgap donor defects with constant concen-
tration V; = 2 x 10'? cm™3. Model B had donor type midgap defects with Ga-dependent concen-
tration. Model C was defined with a constant donor type midgap defect concentration along with an
additional metastable defect profile. Model D was defined with Ga-dependent donor type midgap
defect with metastable defects. Numerical simulations were carried out to calculate current-voltage
(JV) and external quantum efficiency (EQE) curves. Then, our results were compared with the re-
sults published in [43]. Despite the different defect configurations, numerical simulation results
(JV and EQE curves) indicated all four models behaved similarly to each other (see results in Chap-
ter 4). Therefore, Model A, which had the simplest defect configuration, was selected for further
analysis of OVC layer effects on device efficiency. interface state were included at the CIGS/CdS
interface. The concentration was N;; = 107° cm~2 at an energy level in the middle of CIGS band
gap. Electron and hole capture cross-sections were o, =5 x 107'% cm? and 0, = 5 x 107" cm?,
respectively [43]].

When an OVC layer is added, states are modified to separate the OVC/CdS interface according
to Ref.[44]. In that case, 0, = 107'® cm? and 0, = 107* cm? at defect energy level of 0.65
eV above the CIGS valence band maximum. The concentration was N;; = 10'2 cm~2. Although
theses parameter values were not substantiated experimentally, they are used here for comparison

to the previous models.
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3.3 Band-gap Grading

By tuning the Ga composition (GGI ratio or ratio of Ga for total Ga and In) in CIGS material,
a graded band structure can be achieved. In this section, the relationships between GGI ratio, band
gap (E,), and electron affinity () are analyzed. The following expressions provide the dependence

of F, and x on Ga content [43]][45].

o (Gal
GGl =y = Gal + [Tl (3.3.1)
E, = 1.01 +0.626(y) — 0.167(y — y*) (3.3.2)
x = 4.5 —0.626(y) + 0.167(y — y*) (3.3.3)

Figure [3.T shows the dependence of E, and x on double and single graded Ga compositions.
Double graded composition follows a “V” like shape and the first half of the “V” shape is called
the front grading and latter part is referred as back grading. Double graded Ga composition was

claimed to provide improved V,. with front grading [46, 47]. Back grading claimed to provide

higher J,. over single graded Ga composition [46, 47]].

Table 3.1 Baseline model parameters[43]].

Layer Parameter ZnO : Al i-ZnO CdS CIGS
Thickness (nm) 230 80 50 1950
Band Gap (eV) 3.3 3.3 2.4 1.0-1.6 (Ga dep.)
Electron affinity (eV) 4.4 4.4 4.2 4.5-3.9 (Gadep.)
Rel. permittivity 9 9 54 13.6
CB DOS (cm™) 3 x 101 3x10%® | 1.3x10'® 6.8 x 10%7
VB DOS (cm™?) 1.7 x 10 | 1.7 x 10" | 9.1 x 10" 1.5 x 10"
Electron mobility (cm?V ~1s~1) 100 100 72 100
Hole mobility (cm?V~—!s71) 31 31 20 13
15
Doping (cm™?) 102 1017 5 x 1017 17.1X><1(1]016(?13,,CD))
2
Mid gap defects (cm™?) 10 10% 10 2 x 10'2 —21X><1§)014(?]§,C1;)(Ga dep.)
Metastable defect con. (cm ™) None None None 9 x 10** (C,D)
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Figure 3.1 Graded band gap (center panel) and electron affinity (bottom panel) based on measured
Gallium profiles[43]] for single (red) and double graded (black) cases.

3.4 Model A with OVC Layer

An additional layer having the proposed properties of the OVC layer was introduced into Model
A 1n between the CIGS and CdS layers, as shown in Figure Numerical simulations were car-
ried out with various properties of the OVC layer shown in Table [3.2] Meanwhile other properties
including effective density of state, mobilities, and relative permittivity were kept same as shown
in Table[3.1] The given variable parameter ranges in Table [3.2] can be reasoned by published liter-
ature. Variable OVC parameter values were informed by the literature and are provided in Table
II. The thickness, dpoy ¢, was reported as 15 nm [9], 50 100 nm [48], and up to 400 nm [10] .
Hence, we used a range of 0-100 nm for the OVC thickness. The band gap range was informed
by optical measurements on OVC samples and photoelectron spectroscopy which indicated that
the OVC band gap is 1.3 eV; typically larger than the adjacent bulk absorber [41} 49]. Band gap
variations are process sensitive and values up to 1.6 eV have been observed [48]. We used a band
gap range of 1.1-1.6 eV because it also considers the approximate extremes of CIS to CGS band

gaps. The results in Refs. [49] and [50] also suggested that the OVC valence band is below that
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of the CIGS by about 0.2 eV. We consider the effects of band offsets by including a wide range of

OVC electron affinity.

Table 3.2 Variable parameters in OVC layer and CIGS composition.

Parameter Symbol/Unit Range
OVC thickness doyvc (nm) 0 — 100
OVC affinity Xove (eV) 3.8 —4.6
OVC band gap E,ove (€V) 1.1-1.6
OVC acceptors Naove(em™) 10" — 10%
OVC deep defects Niove(em™) 1012 — 10%°
CIGS composition grading double/single graded

3.5 J-V Characteristic Curve

Current vs voltage (IV) characteristic curves can be plotted for dark and illuminated conditions.
Using I-V curves, it is possible to calculate the total efficiency of a device by extracting values for
open circuit voltage (V,.), short circuit current (/,.), and fill factor (/'F"), which measures how
much the I-V curve deviates from the ideal I-V curve. Figure[3.2]shows an I-V curve for a typical
solar cell in dark and light. These are often presented as current density vs voltage (JV) curves.
The area of the dark color rectangle represents the maximum power (F,,) generated by the solar
cell. At the maximum power generating point, voltage and current values are represented by V,,

and 1,,,, respectively. The maximum power point can be calculated by the area under the curve.

P, =1,V, =FFIL.\V, (3.5.1)

Efficiency (n) is calculated by,

p=m - 35.2)

3.6 EQE Curves

Quantum Efficiency (QE) measurements for a solar cell measures the photo sensitivity of a

device with respect to wavelength. There are two types of QE measurements, External Quantum
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Figure 3.2 I-V curve for a typical solar cell in dark and light [37].

Efficiency (EQE) and Internal Quantum Efficiency (IQE). EQE measures the ratio of the number of
charge carriers collected by the solar cell to the number of incident photons with respect to photon
wavelength. IQE measures the ratio of the number of charge carriers collected by the solar cell to
the number of absorbed photons with respect to photon wavelength.

In our analysis we calculated the EQE curves, which are sensitive to both absorption (1-
Reflection) and charge collection. For the optical absorption in our models we used a(\, x) =
A\/m (see Eq. where v is incoming photon frequency, £ is the band gap of the
material, and A is the modeling parameter. With trial and error we determined the A = 5x10*
cmfl(eV%l) for the best matching with the published EQE curves in [43]]. Initial calculations
without a reflectivity profile (with a 100% transmission) provided results with near 100% EQE for
a region of wavelengths, which is inconsistent with observations. We therefore incorporated the
reflectivity profile from Frisk et.al [43] in our device models, as shown in Figure(3.3| This provided

optimal matching of EQE data, as described in Sectiond.1.2]
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Figure 3.3 Reflectivity profile introduced for front contact [43].
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CHAPTER 4 RESULTS
4.1 Results for Baseline Models

In this section, output results for the baseline models described in Chapter 3 are presented.
Eight baseline models were created and current-voltage (JV) curves and external quantum effi-
ciency (EQE) calculations were carried out. These results were compared to the reference models

and data from a typical CIGS cell in Ref. [43]].
4.1.1 JV Curves

JV calculations were conducted for double graded composition at working point conditions of
T = 300 K and light of 1000 W/m? intensity with the AM 1.5G spectrum [43]. Table lists
the performance metrics of the reference models and data (denoted as "Ref.”) and our calculations
(denoted as "Model”).

All four baseline models demonstrated almost identical current-voltage curves, as shown in
Figure 4.1] The performance metrics extracted from the JV curves are provided in Tables and
4.2] for double and single graded compositions, respectively. Compared with the published data
Ref. [43], our models followed very similar curves, except all our models have higher 7. The
discrepancies are likely due to a slightly lower defect concentration used in our models, which
would result in higher V. and J,.. Differences in FF could be due to different series resistance
assumed but not reported in the Ref. [43] calculations. The series resistance of the device is
reflected in the slope of the JV curve for V' > 600 mV. Regardless, all of the calculations produce

nearly 20% efficient devices and Model A is sufficient for studying the effects of the OVC layer.
4.1.2 EQE Curves

EQE calculations for all four models with double graded composition discussed in Section
@ are shown in Figure @ Similar to the JV curves, all four baseline models demonstrated
almost identical EQE curves and also when compared with published data from models in [43].

Also, it should be noted that by introducing the measured reflectance profile from [43] (see Figure
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Table 4.1 Performance metrics of reference models [43] and our calculations for models A-D with
double graded composition.

Model |V, (mV) | J,.(mA em~2) | FF(%) | 7(%)
Model A 697 38.33 76.79 | 20.54
Model B 699 39.31 75.63 | 20.79
Model C 704 38.85 7579 | 20.74
Model D 693 38.24 77.87 | 20.64
Ref. A 680 38.1 75.7 19.6
Ref. B 681 38.0 75.4 19.5
Ref. C 687 37.8 75.6 19.6
Ref. D 685 37.6 75.8 19.5
Ref. cell 685 36.8 75.9 19.1
100
—u— ModelA
80 —e— ModelB
ModelC
60 - —v— ModelD
Ref. ModelA
o~ —<— Ref. ModelB
e 404 Ref. ModelC
© —e— Ref. ModelD
£ 2- —*— Ref. Data
- T T T T T T
o0 100 200 300 400 500 600
Voltage (mV)
-20 -

Figure 4.1 JV curves for all our models and reference models from [43]] with double graded com-
position. Measured data from a reference cell is also indicated as Ref. Data.
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Table 4.2 Performance metrics of reference models [43] and our calculations for models A-D with
single graded composition. The Ref. cell had double graded composition.

Model |V, (mV) | J,.(mA em~2) | FF(%) | 7(%)
Model A 830 34.85 7747 | 2242
Model B 828 35.84 77.24 | 22.95
Model C 835 35.46 76.33 | 22.62
Model D 817 34.8 81.45 | 23.18

Ref. A 757 34.5 78.9 20.6

Ref. B 746 35.1 79.4 20.8

Ref. C 747 34.6 79.3 20.5

Ref. D 739 35.0 79.7 20.6
Ref. cell 685 36.8 75.9 19.1

[3.3), ripples on the top of the EQE curves were obtained. These ripples are due to the wavelength
dependent interference effects of the thin layers and multiple reflections within each layer. The high
level of EQE in the wavelength range between 520 nm and 1100 nm is due to minimal reflectivity
and efficient light absorption and carrier collection in the CIGS absorber. The steep drop-off after
1100 nm is due to photon energy being less than the CIGS band-gap. Below A =520 nm, absorption
is primarily in CdS layer (£, = 2.4 eV = 517 nm). Poor carrier collection (lower EQE) is due to
higher recombination rates in CdS. Below A=375 nm, absorption occurs in the ZnO layer (£, = 3.3

eV =375 nm).
4.2 Effects of OVC Doping, Deep Defect Density, and Thickness

Extended Model A with an OVC layer in between CIGS and CdS was used to investigate
the influence of different electrical properties (see Section [3.4) on efficiency. In this section we
study how OVC shallow acceptor density (doping), deep defects density, and thickness of the
OVC layer affect the device efficiency. Calculations were carried out for different combinations
of OVC acceptor density from 102 cm™2 to 10?*° cm~3, donor type mid-gap defect density from
102 cm™3 to 10?° cm™3, and OVC layer thicknesses at 0.01 ym, 0.05 zm, and 0.1 gm. Other OVC
parameters were: F, ovc =1.3 eV and xovc=4.3 eV. We also considered single and double graded
composition profiles for our calculations (see Section [3.3). Figure [4.3] shows the calculations

carried out with double graded composition grading for different thicknesses of the OVC layer:
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Figure 4.2 QE curves for all our models and reference models from with double graded com-
position. Measured data from a reference cell is also indicated as Ref. Data.
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(a) 0.01pm, (b) 0.05 gm and (c) 0.1 um. Figure shows the calculations carried out with single

graded composition grading for different thickness of the OVC layer: (a) 0.01 xm,(b) 0.05 pm and
(c) 0.1 pm. When analyzing Figures [4.3] and 4.4] we observe almost identical behavior, except
that the single graded model indicated higher efficiency values. The maximum efficiencies were
20.1% and 21.8% for double and single graded compositions, respectively. Similar observations
of single graded band having higher efficiencies are mentioned in Ref. [S1]. Both Figures4.3|and
@ indicate that mid-gap donor defects density (/N ov¢) did not affect efficiency for the thinnest
OVC layer of 10 nm. However, as the thickness increased, higher mid-gap defect densities caused a
decrease in efficiency. That is because as the thickness increases, the total recombination increases,

3 in the

which results in V,,. and efficiency loss. Specifically, our result show that N, > 107 cm™
OVC layer can be detrimental to device performance. Efficiency loss due to shallow acceptor
density (N4 ovc) was more apparent for all thicknesses. For thicknesses of 10 nm, 50 nm, 100
nm, respectively, rapid efficiency decline was apparent for Ny > 10 ecm~3, 2 x 107 cm™3,
and 10'" cm~3. The rapid decline at the high acceptor densities is due to negative charge in the
OVC layer that becomes greater than the positive charge in the n-type CdS layer, resulting in
a distorted electric field. The distorted band bending that occurs at high N4 oy values can be
observed in Figure (c). In that case, most of the efficiency loss is through .J,.. The efficiency
dependence on N4 oy ¢ can be seen more clearly in Figures @] (a) and (b) for double and single

graded compositions, respectively. In those figures, a defect value of N, oy = 10 cm™

was
assumed. Figure 4.5 also shows more clearly how OVC thickness affects efficiency for various
shallow acceptor densities. That result is clarified further in Figure {.6] which shows line graphs
of efficiency verses thickness for (a) double graded, and (b) single-graded CIGS band gaps. Figure
4.5 and [4.6) both indicate that thinner OVC layer and single graded CIGS composition result in
higher efficiencies. The reasons for efficiency loss can be understood by studying how the metrics
of V.., Jsc and F'F' change within the parameter space, as shown in Figures (a), (b), and (¢).
We recall that efficiency can be expressed as n = % From Figure it is evident that .J,. is

most closely correlated with drastic efficiency loss at high shallow acceptor density. Figure 4.7|(a)
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shows that some V,,. increase can also be observed in region where the efficiency decreases. These

drastic changes occur when the built-in electric field exists predominately in CdS layer as shown
in Figure [4.§(c).
4.3 Effect of Band Off-Set

As discussed in Chapter 1, hypotheses were suggested in Ref. [[6] that a p-type OVC layer could
result in a valence band off-set by lowering the valence band maximum, which would enhance the
overall device efficiency by increasing V¢, reducing the recombination, and pushing away holes
entering the defect rich junction. Results from our Model A with p-type doping demonstrated a
similar band offset of about 0.2 eV. However, contrary to the hypothesis, our results in Section
for single-graded and double-graded compositions indicated that such an OVC layer did not
enhance the device efficiency, yet it could reduce the overall efficiency if the OVC p-type doping
or thickness was too large. Figure 4.8 shows the band structure close to the interface of the CIGS
and CdS layers for different OVC layer thicknesses and doping densities. Other OVC parameters
are E, ovc=1.3 eV, xovc=4.3 eV, and N;=10"2cm 3.

Figure (a) shows a valence band offset (AEy oy ¢) of 0.2 eV for 10 nm thick OVC layer and
with OVC acceptor doping 10'® cm~3. This model maintains the band bending within the CIGS
layer and keeps its efficiency around 20%. In Figure [4.§](b) it also shows a valence band offset of
0.2 eV for 100 nm thick OVC layer and with less acceptor doping of 10'% cm™3. In that case, the
band bending is maintained inside the CIGS layer and efficiencies are around 20%. In Figure 4.§|
(c), the valence band off-set of 0.2 eV is still present, but the 100 nm - thick OVC layer with 10'®
cm~? doping results in a conduction band hump. It can be observed in Figure (c) that most of
the built-in potential drops across the CdS layer, resulting in almost no depletion region in CIGS
layer and, consequently, very poor carrier collection. That also explains the low .J,. value for this

case discussed with respect to Figure 4.7 (b).
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OVC layer for OVC thicknesses of (a) 10 nm, (b) 50 nm, and (c) 100 nm. These calculations
assume the double graded Ga profile (see Figure 3.T).
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Figure 4.6 Efficiency dependence on acceptor density at various OVC thicknesses for a) double-
graded b) single-graded Ga composition.
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Figure 4.8 Band diagrams at equilibrium (0 V bias voltage) (a) Model A with 10nm OVC layer
with doping 10'® cm ™3 (b) Model A with 100nm OVC layer with doping 10! cm™ (¢) Model A

with 100nm OVC layer with doping 10'® cm™3.
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4.4 Optimization of The Band-gap and Electron Affinity

Calculations presented in Section [4.2] for midgap donors and shallow acceptors with both sin-
gle and double graded composition profiles indicated that a 10nm OVC thickness could maintain
higher efficiencies (~ 20% for double graded and ~ 22% for single graded composition profiles)

for shallow acceptors concentration ~ 1 x 10 ¢m™3

. Therefore optimizing the band gap and
electron affinities for both single and double graded composition profiles were carried out for 10
nm thick OVC layer with shallow acceptor density Naove = 1 x 10'%cm™ and mid gap donors
density N; oy = 1 x 10" em™3.

Figure [4.9] (a) and (b) shows efficiency as a function of OVC electron affinity from 4.0 to 4.6
eV and band gap from 1.1 to 1.6 eV for double and single graded Ga compositions. Once again
it is evident that the single graded composition has higher efficiency. However, the double graded
composition is more stable to variation in £, oy ¢ and xovc. In both cases, the highest efficiencies
are maintained over the greatest band gap range for xoyc = 4.3 - 4.5 eV. That is due to good
conduction band alignment with the CIGS layer which has x = 4.3 eV. Efficiency decline can also
be observed as ), oy ¢ decreases, because V,,. oc E,. The direct correlation between V., efficiency,
and band gap is evident in Figure 4.10(a), which has the same parameter values as Figure {.9(b).
Figures [4.10] (b) and (c) indicate that .J,. and F'F are not well correlated with efficiency as a
function of F, oy ¢ and xovc. Overall, a larger of OVC band gap and affinity in the range of 4.3

- 4.5 eV can provide optimal device performance through increased V.. It is important to note,

however, that the efficiency is still no greater than the model without OVC layer.
4.5 Band-gap and Defect Density

Figures[d.11](a) and (b) shows how the efficiency depends on OVC bandgap and mid gap defect
concentration for single and double graded compositions. As observed in the previous section,
efficiency increases with the increasing OVC bandgap. Figure 4. T1]further indicates that efficiency
declines as mid-gap defects increases due to a proportional increase in the recombination rate. For

3

example, at £, oy = 1.3 €V, efficiency decreases rapidly for NV, oy ¢ > 106 ¢cm 3 cm.



38
4.6 Effects of Interface States on EQE

External quantum efficiency for cases with no OVC layer and two OVC thicknesses of 10 nm
and 100 nm are shown in Figure[4.12]Recall that the density of interface states, N;;, are different for
the cases without OVC (CIGS/CdS interface) and with OVC (OVC/CdS interface), as described
in section The higher density of defect states for the cases with OVC (N;; = 102 cm™2)
compared to the case without OVC (N;; = 10*° cm~2) results in slightly lower EQE when no OVC
is present. Figure 4.12] also show that OVC thickness has no effect on EQE for given interface
state density. For all calculations in Figure the other OVC parameters were F, oyc = 1.3

eV, xove = 4.3 eV, doye = 100 nm, Na oy¢10' cm™3, and N;10'? cm™3.
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Figure 4.10 a) Open circuit voltage (V,.) b) Short circuit current (J,.) ¢) Fill factor (£'F) depen-
dence on OVC band-gap and electron affinity for single graded Ga concentration for 10nm thick

OVC layer.
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CHAPTER 5 CONCLUSION

In this thesis we have investigated the electronic effects of a Cu-poor layer in the Absorber/Buffer
(CIGS/CdS) interface region of CIGS photovoltaic devices. Several previous experimental and the-
oretical analysis suggested the existence of Cu-poor region in first few 100 nm in to the bulk CIGS
from the CIGS/CdS interface. These analysis suggested this Cu-poor region is formed with OVC
layer where different stoichiometry of CulnGaSe; exists. Several OVC layer properties are sug-
gested to enhance the overall efficiency of CIGS solar cells. A baseline model without the OVC
layer was developed from published models and data. That model (Model A) was extended to
include an OVC layer with a range of parameter values based on a literature review. Typical PV
device performance metrics were calculated to determine the optimal parameter settings. The fol-
lowing table summarizes our optimized (highest efficiency) results for calculations carried out for
Model A with and without OVC layer and with single-graded (SG) and double-graded (DG) CIGS
bands gaps.

Table 5.1 Performance metrics of Model A with and without OVC layer

Model 1(%) | Vo (mV) | Joe(mA cm™) | FE(%) | dove (nm) | Eyove(eV) | xove©V) [ Naove (em™) [ Noove (em™)
Baseline, DG (no OVC) | 20.5 697 38.3 76.8 NA NA NA NA NA
Double Graded, with OVC | 20.1 694 37.9 76.2 10 1.3-1.6 4.3-4.5 < 108 < 106
Baseline, SG (no OVC) 22.4 830 34.8 74.4 NA NA NA NA NA
Single Graded, with OVC | 22.2 870 345 74.0 10 1.3-1.6 4.3-4.6 < 10™® < 10'°

The following are some important observations and results of our analysis of including a OVC

layer in a typical CIGS solar cell

e Single graded Ga composition (CIGS bandgap) demonstrated overall higher efficiencies

(with maximum 7 = 22.2%) over double graded composition (maximum 7 = 20.1%).

e An OVC band gap of 1.3-1.6 eV and electron affinity of 4.3-4.6 eV provided the highest,

stable efficiencies for models that included the OVC layer.

e Mid-gap defect density does not significantly influence the device efficiency for a thin layer

of OVC (10 nm). For mid-gap states > 10'%cm™3, thicker OVC tends to reduce efficiency
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through V,. and F'F’ loss.

e A thin layer of OVC (~ 10 nm) could maintain higher density of shallow acceptor defects (~
10'¥cm~3) without effecting the efficiency while a thick OVC layer (~ 100 nm) could only
maintain shallow acceptor defects density of (~ 10'®cm™?), beyond which device efficiency

decreased drastically due to poor current collection (low Jg.).

e Higher acceptor density (> 10'8cm™2) shifts the band bending into the CdS layer, caus-
ing a hump in the conduction band and which reduces the charge collection and efficiency

significantly.

e A valence band offset (AE, oy ) of 0.2 eV was introduced at the OVC/CIGS interface. This

offset did not improve the efficiency of the device.

o Although single graded Ga composition resulted higher device efficiency, the double graded

composition exhibited more stability against Ga fluctuations (band gap variations).

The highest device efficiencies were obtained for models without the OVC layer.

Overall, the optimized electronic properties of the OVC layer did not improve device efficiency
over the models without the OVC layer. It is important to note that the OVC layer is part of modern
CIGS devices because of Cu-poor deposition conditions that are required to avoid often negative
effects, such as shunting and high densities of interface states at the heterojunction. This work
shows that a single graded band gap with well-passivated interface and no OVC layer could provide

higher efficiencies.
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