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ABSTRACT

In order to meet global energy demand while reducing carbon emissions, large-scale deployment of

renewable energy technologies is needed. Solar photovoltaics (PV) are a key technology and have become

one of the cheapest options for new energy installations. Cu(InxGa1-x)Se2 (CIGS) based PV is a thin-film

technology with potential benefits over market-leading silicon. Alkali halide post-deposition treatments

(PDTs) have become an essential tool in maximizing the efficiency of CIGS solar cells. While Na and K

have received the most research as the alkali choice, Rb has been shown to further improve performance,

largely through open-circuit voltage (VOC) increases.

This thesis studies the effects of RbF based PDTs on the performance of CIGS solar cells. In all

samples studied the RbF PDT increased VOC over an untreated reference sample. Device modeling and

temperature-dependent current-voltage (JVT) experiments found that reduced recombination and bandtail

width may be key factors in VOC improvements. An aging study also found a smaller decrease in VOC

after aging in the RbF PDT device compared to the reference.

Despite the benefits of RbF, there are still some drawbacks. After aging, the RbF PDT device

experienced a larger decrease in short-circuit current and fill factor (FF). Additionally, the RbF PDT

device suffered from larger voltage-dependent collection efficiency (ηC) losses. Low ηC led to large

reductions in FF and maximum power. It is theorized that low depletion width and the Ga/(Ga+In)

gradient near the heterojunction are contributors to low ηC .

Preliminary research on defect signatures suggests that the dominant trap state changes after RbF

PDT. While the identity of the dominant defects is not known, this research identifies an important area of

future research.
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CHAPTER 1

INTRODUCTION

This chapter outlines the motivation for the work presented in this thesis. It also includes an outline

and summary of the following chapters along with a list of relevant publications produced over the course

of this PhD.

1.1 Motivation

According to the Energy Information Administration, global energy demand in 2050 will exceed 2020

levels by 47% [1]. As seen in Figure 1.1, of the 886 quadrillion BTU total projected energy demand, 618

quadrillion BTU is predicted to be supplied by fossil fuel resources in the reference scenario [1]. The result

is a continued rise in atmospheric greenhouse gas emissions without massive intervention [2].

Figure 1.1 Historical and projected energy consumption under three financial growth models. Projected
consumption is split between Organization for Economic Cooperation and Development (OECD) and
non-OECD countries and highlights the large growth expected as non-OECD countries develop their
economies. Reprinted from the U.S. Energy Information Administration’s International Energy Outlook
2021.
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In the past decade several renewable energy technologies have seen dramatic cost reductions to become

competitive with traditional fossil fuel resources. From 2010-2019 solar energy costs have decreased 85%

[3], while wind and battery costs have decreased 55% and 85% respectively (Figure 1.2) [4]. The levelized

cost of electricity (LCOE) for both solar and wind energy is now below that of coal and gas power sources

[5]. This occurred in conjunction with a >10x increase in solar energy capacity, a >3x increase in wind

energy capacity, and a >100x increase in electric vehicles [4].

Figure 1.2 Historical cost and adoption of select renewable energy technologies from 2000-2020. Massive
declines in PV cost have contributed to increased adoption. Note that PV costs are now at or below the
cost of fossil fuel energy sources. Reprinted from the International Panel on Climate Change’s Sixth
Assessment Report.

The most readily available energy source on Earth is the solar radiation which arrives free of charge

each day. 173,000 TW of energy is continuously hitting the Earth which amounts to 10,000 times the total

world energy use [6]. While there are several methods of capturing this energy for use in society, solar

photovoltaics (PV) have emerged as the leading technology. Extensive research and development led silicon

to dominate the PV market with high efficiency and low costs [7]. Economies of scale have played a large

role in driving down the cost of silicon PV, and helped maintain its place as the market leader. However,

thin-film photovoltaics have the potential to compete with silicon due to high-throughput manufacturing

techniques and lower material requirements.

One of the leading thin-film technologies is based on the Cu(InxGa1-x)Se2 (CIGS) chemistry [7].

Thin-film PV based on CIGS has achieved a champion small device efficiency of 23.4% which is among the

highest for single-junction devices [8]. CIGS can also be produced using vapor transport methods with

roll-to-roll manufacturing offering significant cost saving potential [9]. Another benefit of CIGS over silicon
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is the high absorption coefficient which requires much less active material to collect light, leading to

another potential reduction in cost [10]. Despite these benefits, CIGS has had relatively little market share

to this point. CIGS modules perform well below the theoretical limit and the efficiency can vary

significantly when manufacturing large quantities.

1.2 Thesis Outline

The goal of this thesis is to identify loss mechanisms in CIGS solar cells, and to provide steps for

mitigating those losses. A specific focus is placed on how RbF post-deposition treatments (PDTs) impact

device performance and stability. RbF PDTs have become a promising method of improving CIGS devices,

largely by increasing open-circuit voltage (VOC) [1], [2]. Despite the potential benefits of RbF, there is still

debate about the mechanisms by which it improves performance. This thesis aims to shed light on how

RbF benefits CIGS, as well as the ways in which it may harm solar cell efficiency.

In Chapter 4, the 1-D simulation software SCAPS is combined with temperature-dependent

current-voltage (JVT) characterization to investigate defect and recombination mechanisms in RbF treated

CIGS. Modeling results predict that two commonly detected defect levels, along with bandtails, can have a

strong influence on VOC. JVT measurements suggest that tunneling enhanced recombination via bandtail

states is a dominant loss mechanism. The RbF PDT reduced the bandtail width which may contribute to

the improvement in VOC.

Chapter 5 utilizes JVT measurements to investigate a unique RbF PDT technique performed in a sulfur

atmosphere rather than the typical selenium atmosphere. The stability of the samples was also tested by

comparing measurements of fresh samples with those taken after six months in a desiccator. The PDT

improved VOC, however the FF suffered from series resistance losses. A reference sample and the RbF+S

PDT both developed a blocking contact after aging which limits device performance. A

temperature-dependent diode activation energy model was found to fit the data more appropriately than

commonly used techniques. Activation energies for both samples suggest that Shockley-Read-Hall (SRH)

recombination in the bulk absorber is the dominant loss mechanism.

Voltage-dependent collection efficiency was compared between a reference, a RbF+S PDT, and a

RbF+In+S PDT in Chapter 6. Again the VOC was found to improve after PDT, but lower collection

efficiency led to higher FF losses. Several potential sources of low voltage-dependent collection efficiency

were investigated. The Ga/(Ga+In) gradient near the heterojunction may be a contributing factor and

poses a trade off between collection efficiency and interface recombination. Low depletion width in the

PDT devices fit the results most closely and may explain the large loss in maximum power.
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Finally, in Chapter 7 preliminary defect characterization results are presented on the same sample set

used in Chapter 6. Transient photocapacitance (TPC) and deep-level transient spectroscopy (DLTS) were

used to measure defect behavior. An EV+0.8 eV defect level was identified in the TPC spectra for all

samples, although the concentration was reduced after PDT. A closer look at the capacitance transients

revealed that the trap type transitioned from majority carrier to minority carrier after PDT. DLTS spectra

produced trap levels that should not be possible based on DLTS theory. It is hypothesized that

non-exponential transients violate key assumptions, although the source of this behavior is not identified.

This work highlights the difficulty of acquiring high quality data in polycrystalline CIGS.

1.3 Relevant Publications

The following is a list of relevant lead authored and co-authored publications produced during this

thesis.

Evaluating Recombination Mechanisms in RbF Treated Cu(InxGa1-x)Se2 Solar Cells

J. Wands, A. Kanevce, A. Bothwell, M. Miller, S. Paetel, A. Arehart, A. Rockett, “Evaluating

Recombination Mechanisms in RbF Treated Cu(InxGa1-x)Se2 Solar Cells,” IEEE J. Photovolt., pp.

1–6, 2022, doi: 10.1109/JPHOTOV.2022.3197926.

Contributions: Performed temperature-dependent current-voltage experiments, data analysis, model

development, document writing, interpretation and development of conclusions.

Stability of Cu(InxGa1-x)Se2 Solar Cells Utilizing RbF Post-Deposition Treatment Under a Sulfur

Atmosphere

J. Wands, A. Bothwell, P. Tsoulka, T. Lepetit, N. Barreau, A. Rockett, “Stability of Cu(InxGa1-x)Se2

Solar Cells Utilizing RbF Post-Deposition Treatment Under a Sulfur Atmosphere,” Advanced Energy

and Sustainability Research, Submitted.

Contributions: Performed temperature-dependent current-voltage experiments, data analysis, model

development, document writing, interpretation and development of conclusions.

Voltage-Dependent Collection Efficiency Losses in RbF Treated Cu(InxGa1-x)Se2

J. Wands, A. Bothwell, P. Tsoulka, T. Lepetit, N. Barreau, A. Rockett, “Voltage-Dependent Collection

Efficiency Losses in RbF Treated Cu(InxGa1-x)Se2,” Progress in Photovoltaics: Research and

Applications, Submitted.

Contributions: Performed current-voltage experiments, capacitance-voltage experiments, data

analysis, document writing, interpretation and development of conclusions.

Investigation of the Electrical Properties of Grain Boundaries in (AgxCu1-x)(InyGa1-y)Se2
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J. Wands, S. Soltanmohammad, W. Shafarman, and A. Rockett, “Investigation of the Electrical

Properties of Grain Boundaries in (AgxCu1-x)(InyGa1-y)Se2,” in 2019 IEEE 46th Photovoltaic

Specialists Conference (PVSC), Jun. 2019, pp. 0962–0964. doi: 10.1109/PVSC40753.2019.8981173.

Contributions: Performed scanning microwave impedance spectroscopy experiments, data analysis,

document writing, interpretation and development of conclusions.

Effects of Novel In + RbF Post-Deposition Treatment on Cu(InxGa1-x)Se2 Solar Cells

J. Wands, P. Tsoulka, T. Lepetit, N. Barreau, and A. Rockett, “Effects of Novel In+RbF

Post-Deposition Treatment on Cu(InxGa1-x)Se2 Solar Cells,” in 2022 IEEE 49th Photovoltaics

Specialists Conference (PVSC), Jun. 2022, pp. 0415–0417. doi: 10.1109/PVSC48317.2022.9938855.

Contributions: Performed temperature-dependent current-voltage experiments, data analysis,

document writing, interpretation and development of conclusions.

Large-Area (Ag,Cu)(In,Ga)Se2 Thin-Film Solar Cells with Increased Bandgap and Reduced Voltage Losses

Realized with Bulk Defect Reduction and Front-Grading of the Absorber Bandgap

A. M. Bothwell, S. Li, R. Farshchi, M. Miller, J. Wands, C. Perkins, A. Rockett, A. Arehart, D.

Kuciauskas, “Large-Area (Ag,Cu)(In,Ga)Se2 Thin-Film Solar Cells with Increased Bandgap and

Reduced Voltage Losses Realized with Bulk Defect Reduction and Front-Grading of the Absorber

Bandgap,” Sol. RRL, vol. 6, no. 8, p. 2200230, 2022, doi: https://doi.org/10.1002/solr.202200230.

Contributions: Time-of-flight secondary ion mass spectroscopy analysis.

Non-Radiative Recombination Dominates Voltage Losses in Cu(In,Ga)Se2 Solar Cells Fabricated Using

Different Methods

A. M. Bothwell, J. Wands, M. Miller, A. Kanevce, S. Paetel, P. Tsoulka, T. Lepetit, N. Barreau, N.

Valdes, W. Shafarman, A. Rockett, A. Arehart, D. Kuciauskas, “Non-Radiative Recombination

Dominates Voltage Losses in Cu(In,Ga)Se2 Solar Cells Fabricated Using Different Methods,” Sol. RRL,

vol. n/a, no. n/a, doi: 10.1002/solr.202300075.

Contributions: Performed current-voltage experiments, capacitance-voltage experiments, data

analysis.

The existence and impact of persistent ferroelectric domains in MAPbI3

L. M. Garten, D. Moore, S. Nanayakkara, S. Dwaraknath, P. Schulz, J. Wands, A. Rockett, B. Newell,

K. Persson, S. Trolier-McKinstry, D. Ginley, “The existence and impact of persistent ferroelectric

domains in MAPbI3,” Sci. Adv., vol. 5, no. 1, p. eaas9311, Jan. 2019, doi: 10.1126/sciadv.aas9311.

Contributions: Performed scanning microwave impedance spectroscopy, data analysis.

Structure and phase composition of sputter deposited (Ag,Cu)(In,Ga)Se2 thin film solar cells
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S. Soltanmohammad, J. Wands, R. Farshchi, D. Poplavskyy, and A. Rockett, “Structure and phase

composition of sputter deposited (Ag,Cu)(In,Ga)Se2 thin film solar cells,” in 2018 IEEE 7th World

Conference on Photovoltaic Energy Conversion (WCPEC) (A Joint Conference of 45th IEEE PVSC,

28th PVSEC 34th EU PVSEC), Jun. 2018, pp. 0852–0855. doi: 10.1109/PVSC.2018.8547999.

Contributions: Assisted with experiments and data analysis.

Efficient CdTe photovoltaics by co-passivating grain boundaries

F. G. Sen, A. Mannodi-Kanakkithodi, T. Paulauskas, C. Sun, J. Guo, L. Wang, J. Wands, A. Rockett,

M. Kim, R. Klie, M. Chan, “Efficient CdTe photovoltaics by co-passivating grain boundaries,” in 2018

IEEE 7th World Conference on Photovoltaic Energy Conversion (WCPEC) (A Joint Conference of 45th

IEEE PVSC, 28th PVSEC 34th EU PVSEC), Jun. 2018, pp. 3880–3883. doi:

10.1109/PVSC.2018.8547464.

Contributions: Assisted with experimental data and discussion.
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CHAPTER 2

BACKGROUND INFORMATION

This chapter describes the basic mechanics of p-n junctions with an emphasis on how current behaves

in a photovoltaic device.

2.1 P-N Junction Basics

The core operation of a PV device relies on a structure called the p-n junction [1, 2]. By contacting an

n-type semiconductor with a p-type semiconductor a p-n junction is formed. If the n-type and p-type sides

of the junction are made from the same material, it is called a homojunction. Alternatively, two different

semiconductors can be used to form a heterojunction. Most thin-film devices, such as CIGS, are made with

a heterojunction structure [2].

Before contact the two materials have different Fermi energies, with the n-type material having a higher

Fermi energy than the p-type side. Once the two sides are brought together electrons flow from the high

Fermi energy n-type material into the lower energy p-type material [1, 2]. The resulting equilibrium state

maintains a constant Fermi energy throughout the entire device. To accommodate a constant Fermi energy

throughout the device the valence and conduction bands bend near the junction. While the band bending

in homojunctions produces a smooth transition from n-type to p-type, heterojunctions are often more

complex. If two materials have different bandgaps and electron affinities the p-n junction can have offsets

in the conduction and valence bands. This can result in barriers forming at the interface which can change

current flow through the device [1, 2].

Due to the flow of electrons out of the n-type material a net-positive charge is formed near the junction.

Likewise, the influx of electrons on the p-type side results in a net-negative charged region near the

junction. This region is called the depletion or space-charge region and its width is defined by [1]:

W = (2ε(VBI − Vapplied)/q((NA +ND)/(NAND)))1/2 (2.1)

where ε is the dielectric constant, VBI is the built in voltage, Vapplied is the external voltage, and NA and

ND are the concentrations of acceptor and donor states respectively. An electric field forms within the

depletion region which resists additional electron flow from the n-type to the p-type region. The magnitude

of this electric field, known as the built-in potential, is determined by [1]:

VBI = (kBT )/q ∗ ln(nn/np) (2.2)
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where kB is the Boltzmann constant, T is temperature, q is the electronic charge, nn is the electron

concentration on the n-type side of the junction, and np is the electron concentration on the p-type side of

the junction. The built-in potential is an essential feature of a p-n junction as it creates a potential field to

separate charge carriers. Separating charge carriers is an important component of power generation and

will be discussed further in Section 2.3.

A p-n junction also has capacitive properties due to the dielectric behavior of the depletion region. The

junction region can be modeled well by a classic parallel plate capacitor whose capacitance is given by [1, 3]:

C = (εA)/d (2.3)

where A is the area of the plates and d is the separation of the two plates. In the case of a p-n junction the

plate spacing is defined by the width of the depletion region. Since the depletion width is dependent on the

external voltage the junction capacitance is as well. The bias-dependent junction capacitance can be

calculated by [1]:

(2C)/A =
√

(2qεNnet)/(VBI − Vapplied) (2.4)

where Nnet is the difference between majority and minority carrier dopants on the lightly-doped side of the

p-n junction. Eq. 2.4 assumes that one side of the junction is more heavily doped which is a common

situation in thin-film PV such as CIGS.

Another important feature of p-n junctions is the quasi-Fermi energy. The Fermi energy is an

equilibrium property which applies when np=ni
2 (where ni is the intrinsic carrier concentration) [1, 2]. In a

forward biased diode diffusion of electrons and holes outpaces the recombination rate. This results in

excess charge carriers and np>ni
2. The Fermi energy for electrons and holes is no longer the same, creating

separate electron and hole Fermi energies (EFn and EFp respectively) . These separate, non-equilibrium,

values are known as quasi-Fermi energies [1, 2]:

EFn − Ei = kbT ln(n/ni) (2.5)

Ei − EFp = kBT ln(p/ni) (2.6)

where Ei is the intrinsic Fermi energy.

The quasi-Fermi energy separation, EFn-EFp, defines the maximum achievable voltage across the

contacts of a diode. In solar cells, where higher voltages lead to increased efficiency, the quasi-Fermi energy

separation is an important quantity. While the quasi-Fermi energy separation defines the maximum

voltage, there are often parasitic effects which result in real-world devices producing lower voltages. It is

still beneficial to increase quasi-Fermi energy separation as much as possible which can be achieved by
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increasing excess carrier generation as seen in Eq. 2.5 and Eq. 2.6. In a solar cell, excess carriers generated

by absorbing photons create the quasi-Fermi energy separation necessary for power output.

2.2 Current in a Photovoltaic Device

In a diode there are two primary chemical potential gradients that can lead to current: charge carrier

concentration and electrical potential. These driving forces result in two distinct currents within the

device. The difference in charge carrier concentration leads to a diffusion current while a change in

electrical potential creates a drift current. Current in solar cells is often normalized by device area and

reported as current density. The diffusion current density can be written as [1, 2]:

Jdiff = J0 exp (qV )/(kBT ) (2.7)

where Jdiff is the diffusion current density, q is the charge of an electron, V is the applied bias, kB is the

Boltzmann constant and J0 is the reverse saturation current density represented by:

J0 = −q((Dp/Lp)pn + (Dn/Ln)np) (2.8)

The drift current density is described as:

Jdrift = q((Dp/Lp)pn + (Dn/Ln)np) (2.9)

where Jdrift is the drift current density, Dn and Dp are the electron and hole diffusivities respectively, Ln

and Lp are the carrier diffusion lengths for holes in the n-type and p-type materials respectively, np is the

electron concentration on the p-type side of the junction, pn is the hole concentration on the n-type side of

the junction. The total current density in the device is the sum of the drift and diffusion currents:

J = J0(exp (qV )/(kBT )− 1) (2.10)

Eq 2.10 describes the current in an ideal diode without the effects of recombination. These conditions are

rarely achieved and therefore the equation is modified to account for recombination currents [1, 2]:

J = J0(exp (qV )/(nkBT )− 1) (2.11)

where n is the diode ideality factor which ranges from one in an ideal diode to two in diodes with large

recombination currents. It is possible for the diode ideality factor to rise above two under the influence of

tunneling currents or a significant series resistance.

An additional modification to the ideal diode equation is needed to account for series and shunt

resistances. These deviations from the ideal diode are depicted in the circuit diagram shown in Figure 2.1.

Series resistance originate from material resistivity, poor contacts, and interface effects, while shunt

resistance may affect a device through pinholes that create a current pathway through the junction.
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Figure 2.1 Equivalent circuit diagram of a solar cell including the parasitic series and shunt resistances.

Mathematically these resistances can be represented as [1, 2]:

J = J0(exp (q(V + JRS))/(nkBT )− 1) + (V + JRS)/RSH (2.12)

where RS is series resistance and RSH is shunt resistance.

A key assumption made in Eq. 2.12 is that the diode is operating in the dark, which does not represent

the standard operating conditions of a solar cell. A final modification is made by subtracting the

photocurrent to arrive at the final equation for current in a solar cell [1, 2]:

J = J0(exp (q(V + JRS))/(nkBT )− 1) + (V + JRS)/RSH − JL (2.13)

where JL is the light induced photocurrent. In an ideal solar cell, JL acts by simply translating the dark JV

curve downwards.

Several sources of temperature-dependent behavior exist in Eq. 2.13. Aside from the explicit

temperature term in the exponent there are several temperature-dependent variables. The ideality factor

can vary with temperature if the recombination mechanism is temperature-dependent [4]. Both the series

and shunt resistance terms can be temperature-dependent in the case of an activation barrier [4]. Reverse

saturation current density is also temperature-dependent and can be alternatively defined as [5]:

J0 = J00 exp−Ea/(nkBT ) (2.14)

where J00 is the current density prefactor and Ea is the diode activation energy. The

temperature-dependence of a solar cell’s JV curve is a valuable tool in analyzing device performance and

will be explored further in Chapters 4 and 5.

2.3 Performance Characteristics of Solar Cells

Figure 2.2 provides an example of the dark and light J-V curves of a solar cell. When operating in the

fourth quadrant of the graph the solar cell is producing power which can be captured for use.
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Figure 2.2 Comparison of dark and light JV curves in an ideal solar cell.

The complete J-V curve of a solar cell provides key parameters in evaluating the device’s performance. The

first is short-circuit current density (JSC) which is defined as the current density at V=0. In an ideal cell

this value is equal to JL and represents the maximum current in the fourth quadrant. Open-circuit voltage

(VOC) is another key metric and is the voltage at J=0. The final parameter is fill factor (FF) which is

defined as [1, 2]:

FF = (JmpVmp)/(JSCVOC) (2.15)

where Jmp and Vmp are the current and voltage at the maximum power point respectively. Combining

these three values results in an equation for the overall device conversion efficiency [1, 2]:

η = (VOCJSCFF )/Pin (2.16)

where Pin is the power of radiation incident on the surface of the device.

2.4 Defects and Recombination

In a perfect semiconductor there are no energy states between the conduction and valence bands,

however in real devices, defects can create energy states in the bandgap (Figure 2.3). The properties of

semiconducting materials are often dominated by defects that influence the behavior of charge carriers

[1, 6]. Defects can take many forms, but their impact on a material is caused by variations in the local

energy potential of the crystal [6]. In doing so, energy states are created within the bandgap that can trap

carriers, causing non-radiative recombination. Intrinsic defects are present in a chemically pure material
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and consist of interstitials, anti-sites, vacancies, dislocations, and grain boundaries. On the other hand,

extrinsic defects originate from defect elements in the lattice which occupy lattice or interstitial sites.

Figure 2.3 Band diagram depicting midgap and bandtail states existing within the bandgap. A density of
states sketch is included to display the exponential decay of states which leads to bandtails.

The primary concern for photovoltaics is the behavior of minority carriers, which dictate many of the

device properties [2]. Equal numbers of holes and electrons must be collected at the contacts to maintain

charge neutrality. Because the majority carrier concentration is high, recombination processes will only

affect a small percentage of majority carriers under most conditions. In contrast, minority carriers have

much lower concentration and can be severely impacted by recombination. Reducing the minority carrier

concentration will lower the quasi-Fermi level and therefore the VOC, which is derived from the separation

of the two quasi-Fermi levels [2]. As such, defects which primarily impact minority carriers are the most

concerning in photovoltaics and are the focus of most studies.

Defect states can be located anywhere within the band gap and their location determines much of the

resulting impact on a device. States near the band edges, known as shallow states, are generally created by

defects that only perturb the electron potential energy by a small amount. Shallow states often act as

primary donors or acceptors, which easily provide carriers in the adjacent bands through thermal

excitation [1, 6]. In this way, defects can be beneficial, as many semiconductor devices rely on shallow

dopants to function.
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The band edges can also have more complicated structures such as bandtails, which are characterized

by a high density of energy states near the valence or conduction bands [2]. Bandtails decay exponentially

into the bandgap with the width of the bandtail defined by a characteristic energy. Bandtails result from

localized variations in the chemistry or defect structure of the material, driven by entropy. Materials prone

to disorder, like CuInSe2, can have slightly different bandgap values throughout a film, which creates

bandtails that extend into the gap [7]. This blurring of the band edges results in a lower effective bandgap,

which can affect properties such as the absorption coefficient at sub-gap wavelengths. Reducing the

effective bandgap also results in a drop in VOC which will reduce the efficiency of a photovoltaic device [7].

States closer to mid-gap are deep states and often have negative effects on the device. Deep states can

act as either a trap or a recombination center, depending on their position within the bandgap as well as

their charge [1]. This mechanism of defect assisted recombination is known as Shockley Read Hall (SRH)

recombination (Figure 2.4) and is a primary concern for semiconductor devices [1, 2, 6]. Minority carrier

lifetime is reduced due to increased recombination rates.

Substitutional defects may consist of impurity atoms occupying a lattice site, or anti-site defects

resulting from an intrinsic atom located on an incorrect lattice site. These defects can affect the crystal

structure by introducing strain due to the size difference between the intrinsic atom and the defect atom.

Additionally, the difference in electronic structure for the defect atom will disturb the local potential. The

extent of the difference in size and electronic structure has a large effect on the depth of the defect state

within the bandgap [1]. Point defects that are more localized in real space are delocalized in reciprocal

space, making them effective at recombining charge carriers.

Polycrystalline thin films have the added complexity of grain boundaries, which present a unique

challenge. Grain boundaries are significant sources of defect states as they interrupt the matrix periodicity

during the transition from one grain to another. Dangling bonds that create states within the gap are

common as the two grains may not match perfectly. Dangling bonds are a particular problem as they tend

to pin the Fermi energy near midgap [1]. Fortunately, in polycrystalline materials with significant ionic

character, dangling bond states are often near the band edge and also often compensate each other [1].

Grain boundaries also collect impurity atoms due to the additional space created by the mismatch. The

wide range of impurity atoms concentrating in the grain boundary may result in defect states deep in the

gap [2]. Trapping and recombination are a major concern with carriers in the grain boundary region.

Despite the issues presented by grain boundaries some polycrystalline thin films still manage to produce

high quality devices. CIGS are most common as polycrystalline absorbers. Passivation mechanisms in the

grain boundaries of these materials are necessary to mitigate the impacts of defects.
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Figure 2.4 Sketch showing how midgap defects lead to Shockley-Read-Hall recombination in a solar cell.

The rate of recombination in a solar cell is proportional to the value of J0 [2]. Higher J0 values indicate

greater rates of recombination. This property makes J0 a valuable tool in analyzing the performance of a

solar cell. By measuring J0 from JV curves, the relative recombination rates can be compared between

devices.

Another valuable tool in studying recombination is the diode activation energy (Ea). Ea is an indicator

of where recombination is occurring within a device [2]. If Ea≈Eg, recombination is primarily in the bulk

absorber material. If Ea<Eg, recombination is dominated by the interfaces. Calculating Ea through

temperature-dependent JV experiments is an important technique for diagnosing the primary

recombination mechanisms within a solar cell.
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CHAPTER 3

Cu(InXGa1-X)Se2 PHOTOVOLTAIC DEVICES

This chapter gives a brief overview of Cu(InxGa1-x)Se2 solar cells. An overview of alkali halide

treatments is provided for context in the following chapters.

3.1 Material Structure

CuInSe2 (CIS) is a ternary compound exhibiting a chalcopyrite structure as seen in Figure 3.1 [2, 8, 9].

CIS is a semiconductor with a direct bandgap of 1.04 eV, which is lower than the ideal value for

maximizing photovoltaic efficiency predicted by Shockley and Queisser [10]. To increase the bandgap, CIS

is often alloyed with CuGaSe2 which has a bandgap of 1.68 eV. The resulting alloy, Cu(InxGa1-x)Se2

(CIGS), has a continuously tunable bandgap defined by the equation [11]:

Eg(x) = 1.04(1− x) + 1.68x− 0.2x(1− x) (3.1)

Although the ideal bandgap for single-junction solar cells is around 1.4 eV which would correspond to

x=0.6, CIGS films are often grown near x=0.2-0.3 resulting in a bandgap of around 1.15 eV [12]. Above

x=0.3, CIGS devices often decrease efficiency despite the bandgap being closer to the ideal value. Several

factors may contribute to the decreased efficiency including higher defect concentration, defects closer to

midgap acting as recombination centers, and poor band alignment with the standard CdS buffer layer [12].

Figure 3.1 Unit cell for the CIGS absorber material. Cu is shown in blue, Se in light green, and the group
III elements, In and Ga, occupy the same lattice sites and are depicted by spheres which are split between
dark green and pink.

CIGS films are generally polycrystalline and are known to have excellent tolerance to defects and

variations in stoichiometry [13]. A p-type CIGS absorber layer is generally used, which is intrinsically
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doped, interpreted as due to VCu. The predicted low formation energy and shallow location (30 meV above

the valence band maximum) make this defect an effective dopant [14].

3.2 PV Device Structure

The structure of a typical CIGS solar cell is shown in Figure 3.2. Due to the high absorption coefficient

of CIGS, complete solar cells can be made to be very thin (CIGS layer is ≈1-2 µm) [15]. This opens the

possibility of flexible solar panels by using a flexible substrate [16]. While soda-lime glass is the most

common substrate for CIGS devices, flexible devices can be made using a polymer or steel foil as the

substrate.

Figure 3.2 Structural diagram of a typical CIGS solar cell such as those presented in the following chapters.

The rear contact material plays an important role, due to the difficulty of forming an ohmic contact

with CIGS. Most devices use molybdenum as the rear contact due to its favorable band alignment [17, 18].

Mo also has low miscibility with Cu, In, and Ga which limits diffusion of the back contact into the

absorber layer [19, 20]. During deposition of the CIGS layer it is common for a MoSe2 layer to form at the

interface [21]. The formation of a MoSe2 layer is generally thought to improve rear contact performance by

improving band alignment between the CIGS and Mo layers [22].

High efficiency CIGS devices often incorporate a bandgap gradient by varying the Ga content through

the depth of the film [23]. This is often achieved through a 3-stage co-evaporation process which results in

a V-notch shape to the bandgap profile. The V-notch profile improves carrier collection by reducing
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recombination at the interfaces [23].

CdS is the most common material used to form the heterojunction with CIGS, although other options

exist [18]. CdS is typically deposited using chemical bath deposition, which produces consistent, high

quality buffer layers. The band alignment with CIGS is also favorable, and CdS produced the highest

efficiency devices for many years [24]. However, the toxicity of Cd, along with a relatively low bandgap

which leads to parasitic losses in blue light, have led to research into alternatives. Zn(O,S) is a common

choice due to its high bandgap which is tunable through the O:S ratio [25]. The current record efficiency

CIGS solar cell uses a Zn(O,S,OH)x/Zn0.8Mg0.2O double buffer layer [26]. An additional benefit to

Zn(O,S) is the potential for vapor deposition which opens the possibility of roll-to-roll manufacturing.

3.3 Effect of Alkali Metals

3.3.1 Light Alkalis

Alkali metals, especially sodium and potassium, have long been known to provide performance benefits

which are key to high-efficiency cells [27, 28]. Na has been shown to increase carrier concentration and may

passivate defects at grain boundaries where it preferentially sits [29]. Na traditionally was sourced through

diffusion from the soda-lime glass (SLG) substrate into the bulk, but modern processes can introduce alkali

metals with post-deposition treatments (PDT) or by diffusion from the back contact [30].

3.3.2 Rubidium

Recently there has been more research into the effects of heavier alkali metals such as Rb and Cs on

CIGS devices [31–33]. In particular, RbF PDT has gained attention as a promising method of increasing

VOC [25, 34]. Rb has shown the potential to outperform Na and K in improving cell efficiency.

Despite the observed benefits of RbF PDT there is still debate in the literature about the mechanisms

by which RbF improves CIGS solar cells. Several studies have found Rb to concentrate at the grain

boundaries and interfaces [35–37]. Atom probe tomography and time-of-flight secondary ion mass

spectrometry have shown Rb atoms to diffuse along grain boundaries and replace lighter alkalis such as Na

and K [35]. The result is a grain interior that is richer in light alkalis while the grain boundaries have high

concentrations of Rb. Rb appears to passivate the grain boundaries which leads to reduced recombination

and increased VOC [35, 38]. Some studies suggest that Rb decreases the amplitude of potential fluctuations

at the grain boundaries which leads to increased quasi-Fermi level splitting [39]. Kelvin probe microscopy

has been used to observe a decrease in potential variations across grain boundaries following RbF PDT [35].

The heterojunction also appears to be affected by Rb, possibly through the formation of RbInSe2 phases

[40, 41]. Scanning transmission electron microscopy has been used to directly observe RbInSe2 forming
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between the CdS buffer and CIGS absorber layer [41]. It is theorized that the RbInSe2 bandgap of ≈2 eV

improves band alignment at the junction, leading to a reduction in interface recombination [33, 42].
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CHAPTER 4

EVALUATING RECOMBINATION MECHANISMS IN RbF TREATED Cu(InXGa1-X)Se2 SOLAR

CELLS

Reproduced with the permission of the IEEE Journal of Photovoltaics.

Jake Wands1, Ana Kanevce2, Alexandra Bothwell3, Michael F. Miller4, Stefan Paetel2, Aaron R. Arehart4,

Angus Rockett1

4.1 Abstract

RbF post-deposition treatment (PDT) has been shown to improve the performance of Cu(InxGa1-x)Se2

(CIGS) photovoltaic devices. In this study temperature-dependent current voltage (JVT) and

time-resolved photoluminescence (TRPL) experiments were combined with modeling using the SCAPS

computer code to investigate the effect of the RbF PDT. Two devices, one as-deposited and one with RbF

PDT, were deposited by a three stage co-evaporation process. JVT measurements suggest the dominant

recombination mechanism may be tunneling-enhanced recombination via bandtail states, but that defect

states in the bandgap can also be important. RbF PDT is shown to decrease the characteristic energy of

the bandtails. TRPL data show an increase in the minority carrier lifetime after RbF PDT, leading to an

improved open-circuit voltage. SCAPS modeling indicates that the dominant recombination mechanism is

dependent on the specific defect makeup of a device, suggesting that small changes in processing conditions

can impact device behavior. This explains the observation that, for some devices, defect states in the gap

dominate while others, as is the case here, appear to be dominated by bandtails.

4.2 Introduction

Among thin-film photovoltaics Cu(InxGa1-x)Se2 (CIGS) is one of the most studied. Consequently, the

champion small device efficiency has reached 23.4% [26]. Despite extensive research there is still debate

about the mechanisms preventing further improvements. CIGS devices are often observed to have an

open-circuit voltage (VOC) well below the theoretical maximum, resulting in lower energy conversion

efficiency [43]. Understanding the origin of this VOC deficit is necessary to boost efficiency and keep CIGS

as a leading thin-film technology. Two possible sources of VOC loss in the bulk absorber have been

proposed: point defects and bandtails. Commonly identified point defects include a midgap trap located

1Colorado School of Mines, 1500 Illinois St, Golden, CO 80401 USA
2Zentrum fuer Sonnenenergie und Wasserstoff-Forschung Baden-Wuerttemberg, Stuttgart 70563, Germany
3National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401 USA
4The Ohio State University, 281 W Lane Ave, Columbus, OH 43210 USA

19



approximately 580 meV above the valence band edge (EV+0.58eV) and an EV+0.98eV defect, proposed to

be associated with a VCu-VSe divacancy complex [31, 44, 45]. Bandtails can be caused by impurities as

well as structural disorder within a crystal lattice [35, 38, 46]. Structural disorder is often observed in

CIGS and results in bandgap fluctuations as the Ga/III ratio changes [47].

One focus of research is alkali-halide post-deposition treatment (PDT) of the material. RbF is a

popular choice for PDT of CIGS thin films and has shown improvement in photovoltaic device

performance, in part by increasing the VOC [48]. While several mechanisms have been used to explain

device improvements there is still debate in the literature [33, 49, 50]. To maximize the benefit of RbF

PDT it is necessary to understand how the process acts to increase VOC. Relatively small changes in

processing conditions can have significant impacts on the defects discussed in this study, which further

complicates analysis. A RbF PDT may have different influences depending on the processing conditions by

which the material was produced, which motivates robust study across a variety of samples.

This study aims to contribute additional information to the literature covering RbF PDT CIGS devices

made at Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-Württemberg (ZSW). Previous

work has shown that a variety of factors coupled with RbF PDT may be present. Kanevce et al. used

current-voltage measurements to show that RbF can change interface recombination, which may be a

dominant problem [25]. Siebentritt et al. used atom probe tomography and kelvin probe force microscopy

to suggest that Rb accumulation at grain boundaries may reduce potential fluctuations and therefore

decrease the impact of bandtails [35]. Wolter et al. used photoluminescence to find that RbF increases the

quasi-Fermi level separation which leads to improved VOC [38]. In this work temperature dependent

current-voltage (JVT) and time-resolved photoluminescence (TRPL) experiments are combined with

SCAPS (Solar cell CAPacitance Simulator) modeling to gain a better understanding of the recombination

effects of RbF PDT on CIGS for the industrial fabrication process used for the devices presented here.

4.3 Experimental Methods

To better understand the recombination mechanisms present in the samples used in this study, JVT

experiments were conducted. Measurements were performed with a solar simulator calibrated to 100

mW/cm2, and the temperature was lowered from 350 K to 150 K in 10 K increments. Saturation current

density, ideality factor, series resistance, and shunt resistance were extracted using the methods outlined in

[4]. The parameters were calculated from dark JV curves to minimize possible impacts of

voltage-dependent carrier collection.

JVT experiments can provide valuable insight into recombination dynamics by determining the diode

activation energy (EA) and applying recombination models to measured data. A common method for
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determining the diode activation energy is to analyze VOC as a function of temperature [5]. For a diode

with a thermally activated transport mechanism the temperature dependence of VOC can be modeled as:

VOC = EA/q − (n(T )kT )/q ∗ ln(J00/JL) (4.1)

where n(T) is the ideality factor, JL is the light-induced photocurrent density, and J00 is the reverse

saturation current density prefactor which is related to the reverse saturation current by:

J0 = J00exp(−EA/(n(T )kT )) (4.2)

Using (4.1) the diode activation energy (EA) can be calculated from the 0K intercept of a VOC vs T plot.

If EA=Eg the dominant recombination mechanism is expected to be in the bulk of the absorber, while

EA<Eg is associated with interface recombination.

Recombination in a diode can be better understood by fitting n(T) to a theoretical model. Rau

proposed a method of tunneling assisted recombination via an exponential distribution of trap states near

the band edge [51, 52]. In this model carriers tunnel from the conduction and valence bands into bandtail

states where recombination can occur. The result is an increase in the recombination rate due to the

tunneling process. These trap states can be caused by bandtails or potential fluctuations due to

composition changes and charged defects. In this scenario the ideality factor is determined by:

1/n = 1/2 ∗ (1− E2
00/(3(kT )2) + T/T ∗) (4.3)

Where E00 is the characteristic tunneling energy and kT* represents the characteristic energy of the trap

state distribution. This model has been used to describe CIGS devices and provides valuable information

about bandtails and tunneling characteristics.

TRPL was measured with pulsed laser excitation at 640 nm with a 1.1 MHz repetition rate and 300-fs

pulses. To ensure photogenerated carriers did not screen electric fields in the material the incident

excitation was minimized to fluences of 1.2x1011 and 1.0x1011 photons/(cm2pulse) for the as-deposited and

RbF-treated devices respectively. Time-correlated single photon counting was employed, and a silicon

avalanche photodiode and band pass filter were used for detection.

The Ga/III ratio was calculated based on Time-of-Flight Secondary Ion Mass Spectroscopy

(TOF-SIMS) depth profiles. The Ga and In signals were first normalized to total counts, then the ratio was

scaled in order to match the composition at the minimum point with the 1.15 eV bandgap determined by

EQE. The composition was determined from bandgap using the relationship [11]:

Eg(x) = 1.04 ∗ (1− x) + 1.68x− 0.2x(1− x) (4.4)

TOF-SIMS depth profiles for each sample are provided in the Appendix Figures 4.8-4.10. Due to a possible

mass interference between Rb+ and GaO+ the signals for 69Ga and 71Ga were compared with 85Rb and
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87Rb. The Ga isotope signals follow each other at the expected ratio throughout the bulk. The Rb isotopes

track a different path in the expected ratio confirming interference is not occurring. In addition the O signal

is low throughout the bulk, further supporting that the Rb signal is representative of the true Rb content.

The RbF PDT sample shows evidence of Rb displacing Na near the front junction as there is a decrease in

the Na signal between 8000-15000 seconds of sputter time which is not present in the as-deposited sample.

Deep level transient spectroscopy (DLTS) and deep level optical spectroscopy (DLOS) measurements

were performed on the devices to provide full-bandgap defect characterization. Full solar cells were scribed

to isolate 1 mm2 devices for capacitance measurements, which were performed using a Boonton 7200

capacitance meter and a measurement setup described in [53]. The concentrations of the traps observed

with DLTS were calculated using the lambda corrected peak height of the DLTS signal [54], and the

concentrations of the traps observed with DLOS were calculated using the step height of the steady-state

photocapacitance signal [54].

4.4 Measured Devices

The samples are grown by a 3-stage co-evaporation method in an inline deposition chamber. More

details are described in Ref. (14). Device performance parameters for the measured samples at 300K are

listed in Table 4.1. The as-deposited sample had a VOC of 658mV and fill factor (FF) of 61.1%. After RbF

PDT the VOC is increased by 75 mV, a relative improvement of 11.4%. Additionally, the FF rises from

61.1% to 64.9% which results in the overall efficiency improving from 13.1% to 15.3%. The JSC is notably

stable at about 32 mA/cm2. The series resistance was measured to be 2.5 Ω*cm2 and 3.8 Ω*cm2 for the

as-deposited and RbF PDT samples, respectively. Shunt resistance was measured at 920 Ω*cm2 and 1960

Ω*cm2 for the as-deposited and RbF PDT samples respectively. While better performing devices are

produced at ZSW routinely, these were selected because they provide the ability to simulate the dominant

defect here. We note that the best devices may be limited by different effects than those studied here,

however, consistency is important to the commercial success of CIGS photovoltaics, so it is valuable to

study why some devices underperform even when created on the same tooling.

Table 4.1 Summary of experimental and SCAPS model device parameters at 300 K

VOC (mV) JSC (mA/cm2) FF (%) η (%)

As-deposited
Experimental 658 32.5 61.1 13.1

Model 656 32.6 64.0 13.7

RbF PDT
Experimental 730 32.3 64.9 15.3

Model 728 32.6 65.1 15.4
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4.5 Device Model

To investigate the impact of defects on CIGS devices the simulation software SCAPS was used to create

a model for samples with and without RbF PDT [55]. Experimental data were used where possible to

improve the model’s accuracy and minimize fitting parameters. DLTS and DLOS provided defect

concentrations and cross-sections for both the EV+0.58eV and the EV+0.98eV trap, which have been the

dominant defects observed across many CIGS suppliers [31, 44, 56]. In addition to these two defect states,

the model utilizes bandtails for both the conduction and valence bands. Bandtails are modeled using a

density of states, which decays exponentially from the band edge value with a characteristic energy. The

full set of SCAPS model parameters are provided in the Appendix Tables 4.2-4.4.

To verify the model, simulated JV curves were compared with measured JV device data (Figure 4.1).

The model shows a close fit to experimental results and is within 5% of each device performance metric.

The parameters of the model not specified experimentally were varied and the results compared with

experimental behaviors. The experimental data could not be fit effectively with other values, as described

below, indicating that the model is a robust representation of the experiments. In other words, the fit is

necessary, not merely sufficient.
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Figure 4.1 Simulated and experimental plots of J-JSC as a function of voltage for the as-deposited and RbF
PDT samples. The scatter in the experimental (dotted) data is due to experimental noise near JSC.
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4.6 Results

To learn more about the effect of defects on device performance, JV curves were simulated over a range

of defect concentrations for the EV+0.98eV and EV+0.58eV defects. The impact of defect concentration on

VOC is shown in Figure 4.2. The dashed horizontal line represents the experimentally measured VOC for

each device. In both samples the EV+0.98eV defect has little effect on VOC until the concentration exceeds

1x1017 cm-3. This is significantly higher than the measured values of 2.7x1015 cm-3 and 3.3x1015 cm-3 for

the as-deposited and RbF PDT samples, respectively. For this reason it is likely that the EV+0.98eV

defect is not a dominant factor in determining VOC in these devices.

At low defect concentrations the EV+0.58eV mid-gap trap shows little effect on VOC for both devices.

Once the concentration exceeds 1x1015 cm-3 there is a significant decline in VOC which continues through

the range used in this study. The RbF PDT sample had a measured concentration of 4.3x1013 cm-3 for the

EV+0.58eV defect which is within an order of magnitude of the modeled onset of decline in VOC.
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Figure 4.2 SCAPS simulations of VOC as a function of defect concentration for a) as-deposited (shown in
red) and b) RbF PDT (shown in blue) samples. Simulated defects include point defects at EV+0.58eV
(circles) and EV+0.98eV (triangles) as well as bandtails (squares). The dotted lines represent the
experimentally measured VOC for each device. The black circles and triangles indicate the experimental
values of the EV+0.58eV and EV+0.98eV defects respectively.

In addition to defect concentration the bandtail characteristic energy was also changed to observe the

impact on VOC (Figure 4.3). The simulation produces a linear decrease in VOC as the characteristic energy

rises and the bandtails extend further from the band edge. Both samples show similar behavior as the

bandtail width changes.

The results from this simulation suggest that mid-gap states and bandtails both have a significant role

to play in CIGS device behavior. The dominant recombination mechanism may change depending on the

specific defect composition of a given sample. In both samples the experimental VOC is already close to the
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maximum defect-based limit predicted in the model. Significant gains in VOC may not be possible by

reducing the mid-gap defect concentration alone. Therefore bandtails are concluded to be the dominant

recombination mechanism in the devices analyzed here.
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Figure 4.3 SCAPS simulations of VOC as a function of bandtail characteristic energy for as-deposited (red)
and RbF PDT (blue) devices.

To investigate the recombination characteristics of the experimental devices, TRPL was performed to

measure the minority carrier lifetime. By applying an exponential fit to the tail of the TRPL decays, which

are given in Figure 4.4, a tail lifetime improvement from 21.3 ns for the as-deposited device to 47.2 ns with

RbF PDT was determined. An approximation of the VOC impact due to increased lifetime can be made by

starting with an established equation for VOC [57]:

VOC = (kt)/q ∗ ln((NA + ∆n)∆n/n2
i ) (4.5)

where NA is the dopant density, ∆n is the excess minority carrier concentration, and ni is the intrinsic

carrier concentration. By calculating the difference of (4.5) for the as-deposited and RbF PDT samples it

is possible to estimate the portion of VOC increase due to longer lifetime:

∆VOC = VOC,RbF − VOC,As−Dep (4.6)

Simplifying the equation with logarithm rules leads to:

∆VOC = (kT )/q(ln(NA,RbF + ∆nRbF ) + ln(∆nRbF )− ln(NA,As−Dep + ∆nAs−Dep) + ln(∆nAs−Dep))
(4.7)

Assuming ∆n << NA:
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∆VOC = (kT )/q(ln(NA,RbF ) + ln(∆nRbF )− ln(NA,As−Dep)− ln(∆nAs−Dep)) (4.8)

The excess carrier concentration can be represented by [58]:

∆n = (JSC ∗ τeff )/(q ∗ d) (4.9)

where τeff is the effective minority carrier lifetime and d is the absorber layer thickness. Substituting (4.9)

into (4.8) and simplifying terms leads to the final impact of lifetime on VOC:

∆VOC ∝ kT ln(τRbF /τAs−Dep) (4.10)

Using the experimentally measured values gives a ∆VOC of 21 mV. This means that 21mV of the 70mV

improvement after RbF PDT can be explained by an increase in carrier lifetime.
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Figure 4.4 TRPL measurements demonstrating the increased lifetime of the RbF PDT sample (blue)
compared to the as-deposited sample (red).

JVT data were analyzed to further investigate the dominant recombination mechanism in the

experimental devices: VOC is plotted as a function of temperature and extrapolated to 0 K in Figure 4.5.

The VOC of the as-deposited sample extrapolates to 1.15 V compared to 1.12 V for the RbF PDT sample.

These values are close to the bandgap of 1.15 eV as measured by EQE which suggests bulk recombination

in the space-charge region is the dominant mechanism in both devices. It is worth noting that the RbF

sample extrapolates to a lower value despite having better overall device performance. This could hint that

RbF has some impact at the interface even if the devices perform better, although the effect seen here

would be small.
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Figure 4.5 VOC vs temperature plots with linear extrapolation to 0 K. The linear extrapolations are taken
from the linear region above 230 K.

Significant differences between the two samples appear in the reverse saturation current density (J0) as

seen in Figure 4.6. The as-deposited sample shows J0 values that are approximately two orders of

magnitude higher than those seen in the RbF PDT sample. This is indicative of higher recombination rates

which explains some of the VOC deficit observed in JV measurements.

The samples also display differences in ideality factor as a function of temperature which are highlighted

in the plot of n-1 vs T in Figure 4.7. The as-deposited sample has a higher ideality factor over the entire

temperature range, particularly at lower temperatures. Below 280 K the ideality factor in the as-deposited

sample rises above two indicating that Shockley-Read-Hall recombination is not the only mechanism at

play. The ideality factor in the RbF PDT sample also rises above two but at a lower temperature of 180 K.

This may imply that the mechanism which causes high ideality factors is less influential after RbF PDT.

Further analysis was performed by fitting the JVT data with the tunneling enhanced recombination

model described by (4.3). Fitting the data shows the as-deposited sample has a tunneling energy of 17

meV while that of the RbF PDT sample is 13 meV. These results suggest that the RbF PDT reduces the

impact of tunneling on carrier recombination in the bulk. The decreased tunneling recombination may help

explain why the ideality factor is improved for the RbF PDT device. Ideality factor in the RbF PDT

device remains between one and two over a wider range of temperatures suggesting purely radiative and

SRH recombination are more influential without the effects of tunneling. The dotted line in Figure 4.7 is
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the inverse ideality factor calculated with the tunneling term removed from (4.3). This more clearly shows

the increased impact of tunneling on the as-deposited sample. In addition, (4.3) predicts the characteristic

energy of the trap distribution is 112 meV and 57 meV for the as-deposited and RbF PDT samples

respectively. This means that the bandtail width is much higher for the as-deposited sample which could

increase recombination. This model suggests that tunneling via bandtail states may be a leading

recombination mechanism within the devices.
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Figure 4.6 J0 as a function of temperature highlighting the decrease in recombination after RbF PDT.

4.7 Conclusion

In this study the performance of CIGS devices with and without RbF PDT were compared to

investigate the source of VOC deficits. SCAPS modeling showed that both point defects and bandtails can

present significant factors in performance loss depending on their concentrations. Different processing

methods may change the defect concentration and therefore, whether point defects or bandtails are more

influential is very process dependent. For this particular set of samples, the simulations propose that

reducing the bandtail characteristic energy will improve VOC more than further reductions in point defect

concentration.

Additionally, JVT and TRPL experiments provided valuable insight into real devices with and without

RbF PDT. TRPL showed an improvement in minority carrier lifetime after RbF PDT which accounts for

21 mV of VOC improvement. While VOC vs T plots suggest both devices are dominated by bulk
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recombination, the J0 values pointed to reduced recombination after PDT. To explain the ideality factor as

a function of temperature a tunneling enhanced recombination model was used to fit the data. The fitting

parameters imply that the impact of tunneling is reduced with RbF PDT along with the characteristic

energy of the bandtails. This result supports previous studies which have found RbF to reduce bandtails

and therefore recombination within the bulk.
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Figure 4.7 Inverse ideality factor vs temperature with the tunneling enhanced recombination model
represented by the solid lines. The dotted lines represent the same model with the effect of tunneling
removed to highlight the impact of tunneling on recombination.
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4.9 Appendix

Table 4.2 SCAPS parameters used to simulate the reference devices.

CIS CGS CdS ZnO AlZnO
Eg (eV) 1.04 1.68 2.40 3.30 3.30
χ (eV) 4.56 3.95 4.50 4.45 4.55
εr 13.6 13.6 10.0 9.0 9.0

NC (cm-3) 6.2E+17 1.3E+18 2.2E+18 2.2E+18 2.2E+18
NV (cm-3) 1.5E+19 2.9E+19 1.8E+19 1.8E+19 1.8E+19
νt,e (cm/s) 1.0E+07 1.0E+07 1.0E+07 1.0E+07 1.0E+07
νt,h (cm/s) 1.0E+07 1.0E+07 1.0E+07 1.0E+07 1.0E+07
µe (cm2/Vs) 100 100 10 0.8 8.4
µh (cm2/Vs) 25 25 10 0.8 8.4
Na/Nd (cm-3) 3.0E+16 3.0E+16 8.0E+17 1.0E+19 3.4E+20

Table 4.3 SCAPS parameters used to simulate the RbF PDT devices.

CIS CGS CdS ZnO AlZnO
Eg (eV) 1.04 1.68 2.40 3.30 3.30
χ (eV) 4.56 3.95 4.50 4.45 4.55
εr 13.6 13.6 10.0 9.0 9.0

NC (cm-3) 6.2E+17 1.3E+18 2.2E+18 2.2E+18 2.2E+18
NV (cm-3) 1.5E+19 2.9E+19 1.8E+19 1.8E+19 1.8E+19
νt,e (cm/s) 1.0E+07 1.0E+07 1.0E+07 1.0E+07 1.0E+07
νt,h (cm/s) 1.0E+07 1.0E+07 1.0E+07 1.0E+07 1.0E+07
µe (cm2/Vs) 100 100 10 0.8 8.4
µh (cm2/Vs) 25 25 10 0.8 8.4
Na/Nd (cm-3) 5.0E+16 5.0E+16 8.0E+17 1.0E+19 3.4E+20
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Table 4.4 Additional SCAPS parameters. Values for the reference device are shown without parenthesis
while RbF PDT values are within parenthesis.

EV+0.58eV EV+0.98eV Bandtails
σe (cm2) 1.0E-13 (1.0E-13) 1.0E-14 (1.0E-14) 1.0E-14 (1.0E-14)
σh (cm2) 6.0E-17 (6.0E-17) 1.0E-14 (1.0E-14) 1.0E-14 (1.0E-14)
Et (eV) EV+0.58 (EV+0.58) EV+0.98 (EV+0.98) NA

kT* (eV) NA NA 0.112 (0.057)
Nt (cm-3) 1.0E+14 (6.0E+14) 2.7E+15 (7.0E+15) 5.0E+16 (3.0E+16)
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Figure 4.8 TOF-SIMS depth profiles for the as-deposited sample. O+ and Mo+ signals are included to
provide boundaries for the absorber layer. Notice the two Ga isotopes track each other closely.
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Figure 4.9 TOF-SIMS depth profiles for the RbF PDT sample. The Rb isotopes track each other well and
have a different shape than the Ga signal. This indicates that the signal truly is Rb and not the possible
GaO mass interference.
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Figure 4.10 Comparison of the TOF-SIMS profiles for the as-deposited (red) and RbF PDT (blue) samples.
Na appears to be partially displaced by Rb near the junction while K is relatively untouched.
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CHAPTER 5

STABILITY OF Cu(InXGa1-X)Se2 SOLAR CELLS UTILIZING RbF POST-DEPOSITION

TREATMENT UNDER A SULFUR ATMOSPHERE

Paper Submitted to Advanced Energy and Sustainability Research

Jake Wands1, Alexandra Bothwell3, Polyxeni Tsoulka5, Thomas Lepetit5, Nicolas Barreau5, Angus

Rockett1

5.1 Abstract

Alkali halide post-deposition treatments (PDTs) have become a key tool to maximize device efficiency

in Cu(InxGa1-x)Se2 (CIGS) photovoltaics. RbF PDTs have emerged as a potential alternative to the more

common Na- and K-based techniques. This study utilizes temperature-dependent current voltage (JVT)

measurements to study the impacts of a unique RbF PDT performed in a S atmosphere. In addition, the

samples were measured before and after six months of storage in a desiccator to study device stability. A

reference sample and a RbF+S PDT sample both showed the development of a rear contact barrier after

aging. The barrier height of the contact barrier was higher for the RbF+S PDT sample leading to

decreased current in forward bias. Series resistance was also higher in the RbF+S PDT device which led to

lower fill factor. However, after aging the reference sample had a larger decrease in open-circuit voltage

(VOC). Ideality factor measurements suggest Shockley-Read-Hall recombination dominates both samples.

VOC vs temperature and a temperature-dependent activation energy model were used to calculate diode

activation energies for each sample condition. Both techniques produced similar values that indicate

recombination primarily occurs within the bulk absorber.

5.2 Introduction

Cu(InxGa1-x)Se2 (CIGS) photovoltaics are one of the most successful thin-film technologies, with a

record cell efficiency of 23.4% [26]. Key to the performance of modern CIGS devices is the use of alkali

halide post-deposition treatments (PDTs) [59]. These treatments most commonly utilize Na or K as the

alkali metal, however Rb and Cs have also shown potential benefits [35, 48]. RbF has received increased

attention in recent years due to potential open-circuit voltage (VOC) improvements over Na and K [25].

However, there are still questions about the stability of RbF PDT devices which need to be addressed

before commercial use. In addition, PDT treatments are often performed in a Se atmosphere and little

study into the influence of other chalcogens on device performance has been conducted [60].

5Nantes Université, CNRS, Institut des Matériaux de Nantes Jean Rouxel, IMN, F-44000 Nantes, France
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In this work we report the aging effects of a device with RbF PDT performed in a S atmosphere

compared to an untreated reference, investigated using temperature-dependent current-voltage (JVT)

measurements. Series resistance was found to contribute to reduced fill factor (FF), and the effect grew

larger over time. A back barrier, modeled as a second diode with reverse polarity, was shown to form in

both devices, although the barrier height was greater in the RbS PDT sample. Each sample indicates that

bulk recombination via a Shockley-Read-Hall (SRH) mechanism dominated recombination. The PDT

proved to be an effective method of improving VOC, however the efficiency suffered after aging. Improving

the long-term stability will be necessary for the commercial viability of this technique.

5.3 Experimental Methods

The samples used in this study were complete solar cell devices with a layer stack consisting of:

soda-lime glass/Mo/CIGS/PDT/CdS/ZnO/ZnO:Al/metallic grids, where PDT refers to a post-deposition

treatment step performed between the CIGS and CdS depositions. The reference device received no PDT

step while a RbF+S PDT was used in the second device. For the remainder of this paper these samples

will be referred to as Ref and RbS PDT, respectively. The CIGS absorber layer was deposited by a

three-stage co-evaporation process and designed to achieve a graded bandgap, higher at the front and rear.

The final film composition was copper poor with a ratio of copper to group III elements of 0.95. The PDT

was performed by co-evaporation of elemental sulfur (120 nm/min) and RbF (3 nm/min) at a substrate

temperature of 350 °C to achieve a 15 nm thick layer. CdS was added by chemical bath deposition and the

ZnO/ZnO:Al bilayer was rf-sputtered. Finally, electron beam evaporation was used to deposit the metallic

grids through a shadow mask. More details on the device fabrication process can be found in [60]. Device

measurements were performed on the samples shortly after deposition (referred to as fresh) as well as after

six months storage in a desiccator in the dark (referred to as aged). No light soaking procedure was used.

External quantum efficiency (EQE) spectra were measured from 300-1400 nm using an Oriel 200 system

with no external illumination or voltage bias applied. JVT experiments were performed from 350 K to 180

K in 10 K increments. The voltage was swept from -0.5 V to 2 V with the current limited to 800 mA. A

solar simulator producing a simulated AM1.5 spectrum calibrated to 100 mW cm-2 was used for

illuminated measurements. Light and dark data were compared to detect light-dependent changes in the

device and bias-dependent collection. JVT measurements were taken on each device immediately after

manufacture and six months later after storage in a desiccator.

To extract the J0 and n values, the impacts of RSH and RS resistance must be accounted for. This was

done by first calculating the differential resistance (dV/dJ) for each JV curve. The region of the dV/dJ

curve with a linear, negative slope on a semi-log plot is dominated by the resistance of the main diode.
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Without including these, the ideality factor is overestimated with a corresponding error in reverse

saturation current. It is important where this region covers a narrow voltage and current range to account

simultaneously for the series and shunt resistances. An example dV/dJ curve is presented in Appendix

Figure 5.10. A linear equation was fit to the main diode region of the dV/dJ curve and used to calculate

dV/dJ as a function of voltage. The voltage step between data points, dV, was divided by dV/dJ to

calculate the dJ curve for the main diode. Finally, the dJ values were integrated over the desired voltage

range to produce the main diode JV curve. J0 and n parameters were calculated from the intercept and

slope, respectively, of a linear curve fit to the data on a semi-log plot [4].

5.4 Results and Discussion

Device performance parameters at 300 K are provided in Table 5.1 along with the change in value after

the six-month period. When the samples were fresh VOC improved after RbF+S PDT in agreement with

many existing studies on RbF PDTs, indicating that the presence of S did not negate this beneficial

outcome [25, 31, 35, 60]. Short-circuit current (JSC) was similar between the two samples with the RbS

PDT experiencing a minor drop. FF declined slightly in the fresh RbS PDT device relative to the Ref

sample. The impact of RbF PDT on FF is unclear in the literature, with some results showing little effect

or small increases [25, 31, 35]. A previous study on the RbS PDT also showed a small decrease in FF, but

further investigations may be necessary to be definitive [60].

Table 5.1 JV parameters, Rs, and its impact on FF before and after aging for each device.

VOC

(mV)
JSC

(mA/cm2)
FF
(%)

η
(%)

RS

(Ω*cm2)
FF0

(%)
FF Deficit

(abs.%)

Ref
Fresh 678 32.8 74.4 16.5 0.92 77.8 3.5
Aged 622 32.7 69.3 14.1 1.42 74.9 5.6

Change -56 -0.1 -5 -2.4 +0.5 +2.1

RbS
PDT

Fresh 712 32.2 72.5 16.6 1.40 77.4 4.9
Aged 679 30.0 63.1 12.9 2.30 70.2 7.1

Change -33 -2.2 -9 -3.7 +0.9 +2.2

While each device saw a drop in overall efficiency after aging, the source of decline was different. The

Ref sample degraded most in VOC relative to the PDT sample. A modest decline in JSC was seen in the

Ref sample while the RbS PDT device had a more noticeable decrease. External quantum efficiency (EQE)

measurements before and after aging show that the Ref device experienced relatively small declines across

the measurement range (Figure 5.1). The RbS PDT device lost current primarily at higher energies, which

may indicate reduced collection near the junction.
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The Ref sample lost 5 abs.% of FF, which is significant but less than the 9 abs.% drop in the RbS PDT

sample. RS had a notable impact on the FF of each device, particularly after aging and at low

temperatures. The effect of series resistance can be deconvoluted from FF using Equation 5.1 where FF0 is

the FF with series resistance removed and FFS is the measured FF [61]:

FF0 = FFS(1− (JSC/VOC)RS)−1 (5.1)

The difference between these two values is referred to here as the FF deficit. FF deficits for each device can

be found in Table 5.1 and show a notable increase after aging. Since the RbS PDT device had a larger

increase in RS after aging, it also saw a larger increase in FF deficit. Similar calculations were performed

for the effect of RSH on FF, but the RSH values for each device were large enough to make the impact

negligible.
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Figure 5.1 EQE measurements show reduction at low energies (Ref) and high energies (RbS PDT),
respectively after aging.

Semi-log JV plots at 200 K and 300 K in the dark are shown in Figure 5.2 (for complete JVT plots see

Appendix Figure 5.11). A notable development was the formation of a low-temperature blocking contact

after aging which was not present in the fresh samples. This is most obvious in the 200 K plots where the

current at forward bias voltages above 1 V was reduced after aging, indicating a barrier had developed.

A roll-over effect in CIGS solar cells has previously been attributed to a Schottky diode forming at the

back contact with opposite polarity to the main junction [17, 21, 50]. The applied bias is therefore split

between the two diodes and the series resistance, as depicted in the equivalent circuit diagram in

Figure 5.3a. Since the current through both diodes must be the same, the main diode bias, Vm, can be
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estimated using the full device current, and the main diode JV curve calculated with the dV/dJ analysis.

The bias across the back diode can then be calculated by [62]:

Vb = Vapplied − Vm − JRS (5.2)

where Vapplied is the bias across the whole device and RS is the series resistance.
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Figure 5.2 Semi-log JV curves measured at a) 200 K and b) 300 K for each device before and after aging.

The voltage split between Vm and Vb can be found in Appendix Figure 5.12. Now the JV curve of the

back diode can be plotted as J vs Vb as seen in Figure 5.3b. Because the back diode has opposite polarity

the plot depicts reverse leakage current when the net current is positive (first quadrant of the JV plot).

The Ref device exhibited higher leakage current in the blocking diode compared to the RbS PDT sample.

Since the back diode blocks current flow, the high leakage current in the Ref sample was beneficial. In

other words, the aging process produced a stronger blocking diode in the RbS PDT device.

The back barrier height for each device can be estimated using [21]:

Jlimit = A∗T 2exp(−qΦb/(kT )) (5.3)

Where Jlimit is the current density at which roll-over begins, T is temperature, q is the electronic charge, k

is the Boltzmann constant, Φb is the back barrier height, and A* is the Richardson constant described by:

A∗ = (4πqm∗k2)/h3 (5.4)

In this case m* is the effective mass of holes and h is Planck’s constant. The barrier height was calculated

to be 381 meV and 402 meV for the Ref and RbS PDT devices, respectively.
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Figure 5.3 a) Equivalent circuit diagram depicting the reverse polarity rear diode and b) JV curves for the
reverse polarity back diode in the aged devices at 200 K.

Although the cause of this increased barrier in the RbS PDT device is not known, time-of-flight secondary

ion mass spectroscopy (TOF-SIMS) depth profiles of the aged samples (included in Appendix) showed a

spike in alkali elements at the back contact. The Ref sample had a large increase in Na and K at the rear

contact, while the increase in the RbS PDT device was reduced. The Na and K likely diffused into the

sample from the glass substrate. The RbS PDT device had a significant spike in Rb at the back contact

which appears to have excluded Na and K ions from the region. This ion exchange has been observed

previously and is confirmed in the samples studied here [31, 33].

Ideality factor vs temperature is shown for each device in Figure 5.4 extracted after accounting for the

series and shunt resistances. The fresh devices both showed ideality factors in the range of 1.4-1.5 at

temperatures above 250 K. These values are indicative of SRH recombination through states that are

located between the band-edge and mid-gap [4]. Before aging there was a gradual rise in ideality factor at

low temperatures, which was more pronounced in the Ref sample than the RbS PDT sample. The ideality

factor rise above two in the Ref sample could result from tunneling recombination or interface effects

[4, 52]. The aging process had relatively small impacts on ideality factor of the Ref device and suggests

SRH recombination still dominated for T > 250 K. In the RbS PDT device the ideality factor was

consistently higher after aging, although the values remained under two for most of the temperature range.

JVT data can be further analyzed to calculate the diode activation energy (Ea) using the reverse

saturation current density (J0) as a function of temperature [63].
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Figure 5.4 Ideality factor as a function of temperature for each device.

The activation energy provides information about the dominant recombination mechanism in a device. If

Ea≈Eg, recombination primarily occurs within the bulk absorber, while Ea<Eg occurs when interface

recombination is dominant. While this technique is common in literature, activation energy is typically

calculated from the slope of a ln(J0) vs 1/kT or ln(J0/T2.5) vs 1/kT plot. These models may be

appropriate in some samples, but they assume that ideality factor and activation energy are temperature

independent. As seen in Figure 5.4, the ideality factor in these devices has a moderate temperature

dependence which needs to be accounted for.

A more robust analysis of J0 can be performed by considering temperature dependent ideality factors

[5].

J0 = J00exp(−Ea/(n(T )kT )) (5.5)

and

n(T )ln(J0/J00) = −Ea/(kT ) (5.6)

Based on Equation 5.6 a plot of n(T)ln(J0/J00) vs 1/kT will yield the activation energy, as seen in

Figure 5.5. The activation energy values are listed in Table 5.2. Each activation energy was close to the

CIGS bandgap (≈1.15 eV), which generally indicates that recombination in the bulk dominates current

flow rather than at interfaces. This may indicate that the ideality factor values above two at low

temperature were related to tunneling effects rather than interface recombination. The slight decrease in

activation energy after aging for the Ref device may suggest that interface recombination begins to have
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more influence after aging.
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Figure 5.5 Arrhenius plot of n*ln(J0/J00) vs 1/kT with linear fits to the data. The activation energy is
calculated from the slope of the fit (dashed lines).

To verify that the ideality factor is the only additional temperature dependent variable, Equation 5.6

can be rearranged:

ln(J0/J00) = −Ea/(n(T )kT ) (5.7)

Using Equation 5.7, an additional plot of ln(J0/J00) vs 1/n(T)kT can be used which should yield the same

activation energy if n(T) is the only temperature dependent term.

As seen in Figure 5.6 this method did not produce the same activation energies, which suggests that

there is an additional temperature dependence which impacts the analysis. This can be accounted for by

introducing a temperature dependent activation energy [5, 64]:

Ea(T ) = Ea,0 − αT (5.8)

Where Ea,0 is the 0 K activation energy and α is the temperature coefficient. By substituting Equation 5.8

into Equation 5.5 a new formula can be used for analysis:

ln(J0/J00) = −Ea,0/(n(T )kT ) + α/(n(T )k) (5.9)

Now a plot of ln(J0/J00)-α/n(T)k vs 1/n(T)kT will provide the 0 K activation energy which should match

the value found using Equation 5.6. To create this plot the values of α and J00 must be calculated through
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an iterative process using two more equations:

ln(J0)− α/(n(T )k) = −Ea,0/(n(T )kT ) + ln(J00) (5.10)

and

n(T ) ∗ ln(J0/J00) = −Ea,0/(kT ) + α/k (5.11)
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Figure 5.6 Modified Arrhenius plot to determine whether ideality factor is the only temperature-dependent
variable. The slope of the linear fits results in activation energies that don’t match those of Figure 5.5.

Using Equation 5.10 a plot of ln(J0)-α/n(T)k vs 1/n(T)kT can be created with an initial guess of α. The

intercept is then used to calculate an estimate of J00 which can be inserted into Equation 5.11. Plotting

n(T)*ln(J0/J00) vs 1/kT from Equation 5.11 will then provide a new value of α from the intercept. This

process is repeated until both Ea,0 and α are consistent between the two plots, at which point the values of

J00 and α can be used for further calculations.

Using the calculated values of α and J00 with Equation 5.9, the 0 K activation energy was determined

for each sample (Figure 5.7). The activation energies were in good agreement with those found from

Figure 5.5, improving confidence in the temperature dependent activation energy model. The values for

J00, α, and Ea are listed in Table 5.2. Two primary mechanisms are identified as the sources of α in the

literature: potential fluctuations and temperature-dependent bandgaps [5, 64]. If band-to-band

recombination in the bulk is a dominant mechanism, changes in the bandgap will necessarily affect the

activation energy. CIGS has been shown to have a temperature dependent bandgap, likely contributing to
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α in these samples. Potential fluctuations can arise from sources such as variations in alloy composition,

lattice strain, and compensating defects. They have been shown to affect α particularly when the

magnitude of fluctuations is greater than kT [65]. Assuming that the temperature dependence of the

bandgap did not change significantly after aging, the changes in α after aging were likely due to increased

potential fluctuations. Several studies have shown potential fluctuations to have negative impacts on device

performance, particularly VOC [35, 38]. Since α had a greater increase in the Ref sample this is a possible

contributor to its larger decline in VOC after aging.
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Figure 5.7 Arrhenius plot using the temperature-dependent activation energy model. Activation energies
calculated from the slope of the linear fits agree well with Figure 5.5.

Table 5.2 Calculated values from the temperature-dependent activation energy model.

J00 (mA/cm2) α (meV/K) Ea (eV)

Ref
Fresh 3.36x102 1.82 1.27
Aged 5.03x10-3 2.90 1.13

RbS PDT
Fresh 1.56x10-3 3.00 1.22
Aged 7.23x10-4 3.30 1.23

Using data from Table 5.2, J0 values were calculated from Equation 5.9 and plotted along with the

experimentally determined J0 data (Figure 5.8). Because J0 is associated with the magnitude of

recombination, some conclusions about recombination in the devices can be inferred from Figure 5.8.

While the J0 values are close for each condition at most temperatures, the fresh RbS PDT device had the
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lowest J0, particularly at low temperature. This indicates that recombination was lowest in that device,

and that the PDT was effective in reducing recombination initially. This is also consistent with the

increased VOC value in the fresh RbS PDT vs. fresh Ref device. The reduction in J0 may be related to

reduced trap density which has been reported in several defect studies of RbF treated CIGS. Karki et al.

used deep-level optical spectroscopy (DLOS) to find that the concentration of a EV+0.99 eV trap to be

1.3x higher in untreated CIGS compared to RbF PDT [31]. Helder et al. employed deep-level transient

spectroscopy (DLTS) to observe that RbF PDT reduced the concentration of an EV+0.4 eV trap by a

factor of 3-4x [66]. After aging the J0 vs T curves converged and there was less separation between the two

devices. Defect studies are needed to determine whether increased J0 after aging is related to an increase in

defect concentration.
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Figure 5.8 Comparison of experimental data (dots) with modeled (dashed lines) J0 vs T plots using Eq. 9
and data from Table 5.2. The modeled data agrees well with experimental results.

Activation energy can also be calculated from the interpolated value of VOC at T=0 K from the VOC vs

T plot (Figure 5.9). Using this method, all samples had activation energies near the values calculated using

the J0 data. Agreement between multiple analysis techniques of activation energies augments confidence in

these results and supports the conclusion that bulk recombination is the dominant mechanism at play in

these devices.

5.5 Conclusion

A unique RbF+S post-deposition treatment for CIGS thin-film photovoltaics was tested for

performance and stability against a standard reference device. After six months in a desiccator both
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devices showed the formation of a back contact barrier. The barrier is theorized to be a Schottky diode in

reverse polarity with respect to the main diode, and the barrier height was calculated to be higher in the

RbS PDT device. Each device also demonstrated an increase in series resistance, which reduced FF.

However, the effect was much more significant in the RbS PDT device. EQE measurements also showed

greater decline in bulk collection in the RbS PDT device after aging, primarily for carriers generated by

higher energy photons. JVT measurements were used to analyze the ideality factor and J0. The ideality

factor values in both devices suggested SRH recombination is the dominant mechanism, particularly at

normal operating temperatures. A J0 model which accounts for temperature-dependent ideality factors and

activation energies was used to calculate the diode activation energy. The diode activation energies were all

near the CIGS bandgap which suggests that recombination primarily occurred in the bulk absorber. These

values were supported by similar results from VOC vs temperature plots. The J0 analysis indicates that

recombination was initially reduced after PDT, but after aging the benefits became negligible. Overall,

while the RbS PDT provides improved VOC and initial efficiency, the long-term performance requires

further study before becoming a commercially viable option.
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Figure 5.9 VOC vs T plots with linear extrapolation to 0 K to calculate the activation energy. Linear fits
were applied to data above 250 K to account for the low-temperature roll-over effect.
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Figure 5.10 Example dV/dJ curve for the Ref device at 300 K. The highlighted portion of the curve is the
linear region which was fit to produce the dV/dJ behavior of the main diode.
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Figure 5.11 Dark JVT curves from 180 K to 350 K for the a) fresh Ref, b) aged Ref, c) fresh RbS PDT,
and d) aged RbS PDT devices.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Voltage (V)

0.2

0.0

0.2

0.4

0.6

0.8

Vo
lta

ge
 (V

)

Vm Ref Aged
Vb Ref Aged
Vm RbS Aged
Vb RbS Aged

Figure 5.12 Voltage split between the main diode and the reverse polarity back diode for each aged device.
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Figure 5.13 TOF-SIMS depth profiles for the Ref device. All measurements used a 1 keV Cs sputter beam
was used at 90 nA of current along with a 30 keV Bi3 primary beam run at 0.7 pA.
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Figure 5.14 TOF-SIMS depth profiles for the RbS PDT device.
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Figure 5.15 TOF-SIMS comparison of alkali elements between the two devices. There is a noticeable drop
in Na+ and K+ signal in the RbS PDT sample suggesting that Rb is reducing the concentration of other
alkalis.
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CHAPTER 6

VOLTAGE-DEPENDENT COLLECTION EFFICIENCY LOSSES IN RbF TREATED Cu(InXGa1-X)Se2

Paper Submitted to Progress in Photovoltaics: Research and Applications

Jake Wands1, Alexandra Bothwell3, Polyxeni Tsoulka5, Thomas Lepetit5, Nicolas Barreau5, Angus

Rockett1

6.1 Abstract

Cu(InxGa1-x)Se2 (CIGS) thin-film photovoltaics commonly use RbF-based post deposition treatments

(PDTs) to increase efficiency. This study analyzes the effects of voltage-dependent collection efficiency (ηC)

on the performance of two unique RbF PDTs. A standard reference (Ref) sample was compared to samples

treated with RbF+S (RbS PDT) and RbF+In+S (RIS PDT). The PDT devices demonstrated improved

open-circuit voltage (VOC) compared to the Ref sample. ηC was lower at Vmp in the PDT devices which

led to greater losses in VOC, fill factor, and maximum power. A variety of measurements were used to

investigate the cause of ηC losses. While several factors likely contributed, reduced depletion width

provided the best explanation of the loss trends. High Ga/(Ga+In) gradients near the heterojunction,

which are used to reduce interface recombination, may also contribute to ηC . This presents a trade-off

between collection efficiency and interface recombination—which requires the gradient—that must be

optimized for maximum power output.

6.2 Introduction

Optimizing performance of photovoltaic (PV) devices requires effective collection of photogenerated

carriers. For polycrystalline thin-film PV technologies carrier collection can suffer significant loss due to

relatively short carrier diffusion lengths [67–69]. The electric field in the depletion region is vital in

separating electron-hole pairs and ensuring that carriers reach the contacts. As forward bias increases, the

depletion region narrows, decreasing the effectiveness of charge separation and collection. This results in

lower current density under forward bias than the measured short-circuit current density (JSC), and

therefore a reduction in fill factor (FF) and device efficiency. In current density-voltage (JV) curve

analysis, voltage-dependent collection efficiency (ηC) losses have similar characteristics to shunt resistance

(RSH) losses. The primary difference is that RSH losses are also present in dark JV curves, while

voltage-dependent collection only appears under illumination [4, 67]. Identification of how dominant the

voltage-dependent collection losses mechanism is can provide guidance for improving performance in

thin-film PV devices.
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Despite being a leading thin-film PV technology with a record efficiency of 23.4%, Cu(InxGa1-x)Se2

(CIGS) solar cells are not immune to voltage-dependent collection losses [18, 26, 70–72]. Further study into

this loss mechanism is beneficial for devices with novel alkali-halide post-deposition treatments (PDTs).

PDTs utilizing RbF have become popular due to the increased open-circuit voltage (VOC) measured in

many studies [25, 31, 34, 35, 39]. In this work two unique RbF-based PDTs are analyzed for

voltage-dependent collection efficiency losses and compared to a reference device with no PDT. The first

PDT uses RbF deposited under a sulfur atmosphere as opposed to the more typical selenium atmosphere.

The second PDT is RbF+In, also deposited under a sulfur atmosphere [60]. While the PDT devices had

greater VOC than the reference sample, they also had lower ηC . This led to greater FF losses in the PDT

devices. Several possible causes were explored with low depletion width providing the best explanation.

6.3 Experimental Methods

CIGS absorbers were grown by a co-evaporation technique from elemental sources following a 3-stage

sequential process. During the first stage, In and Ga were co-evaporated under selenium excess flux onto

the soda lime glass/Mo substrate heated to 375 °C. The composition of the resulting (In,Ga)2Se3 films

corresponded to a Ga/(Ga+In) ratio (GGI) of 0.4. During the second stage, Cu was supplied in Se excess

while the substrate temperature was increased to 575 °C. This second stage ended when the growing film

became over-stoichiometric in Cu (i.e. Cu-rich). Finally, In and Ga were supplied again in excess Se until

the film turned Cu-poor. From this process, polycrystalline CIGS films with large grains and a V-shaped

GGI profile throughout the absorber were formed [60].

The RbF+S PDT was performed by evaporating 15 nm of RbF at 3 nm/min in sulfur excess (120

nm/min) onto the surface of the CIGS film. The RbF+In+S PDT evaporated 15 nm of RbF at 3 nm/min

and 20 nm of In at 4 nm/min under sulfur excess. Both treatments used a substrate temperature of 350

°C. All samples were then coated with a CdS layer using chemical bath deposition followed by an

rf-sputtered ZnO/ZnO:Al window layer. Further information on device manufacture can be found in [60].

The reference, RbF+S PDT, and RbF+In+S PDT devices will be referred to as Ref, RbS PDT, and RIS

PDT respectively.

JV measurements were performed on each device to analyze voltage-dependent collection efficiency.

The current was limited to 800 mA as the voltage was swept from -0.5 V to 2 V. Illuminated measurements

were performed using a solar simulator which produced a simulated AM1.5 spectrum calibrated to 100

mW/cm2 with neutral density filters that reduced intensity to 50%. Using light levels below 1 sun

decreases curvature induced by photocurrent (JL) and aids analysis [67]. Previous work has shown ηC to

be independent of illumination intensity, so the conclusions drawn in this study apply at 1 sun as well [67].
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Series resistance (RS) was calculated using the methods outlined in [4].

Capacitance-voltage (C-V) profiles were measured using an Agilent 4294A precision impedance

analyzer. A measurement frequency of 40 kHz across a voltage range of -1.0 to +0.5 V was used.

Time-resolved photoluminescence (TRPL) was measured using pulsed laser excitation with 0.3-ps

pulses and a 1.1 MHz repetition rate. An optical parametric amplifier-controlled excitation wavelength of

640 nm and a fluence of 1.3x1012 – 1x1014 photons/(cm2pulse) was used. Time-correlated single photon

counting was utilized for data collection.

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) depth profiles were used to calculate GGI

profiles. A 1 keV Cs sputter beam at 90 nA of current along with a 30 keV Bi3 primary beam run at 0.7

pA was employed for analysis. The Ga and In profiles used for GGI calculations were measured in

counts/second in the absence of an implant standard for calibrated concentrations. This is a reasonable

approximation of the GGI ratio since the ionization energy for Ga and In are close and should result in

similar ion yields [73, 74].

6.4 Results and Discussion

To illustrate the behavior of voltage-dependent collection, Figure 6.1 displays the illuminated JV curve

and the dark curve shifted downward by JSC (Jdark-JSC) for the RbS PDT device. A device without

voltage-dependent collection efficiency losses will follow the superposition principle which predicts that the

two curves perfectly overlap. In the RbS PDT device a clear separation forms as the forward bias increases,

indicating lost photocurrent. The illuminated curve has lower FF and VOC than Jdark-JSC which will be

quantified in the following analysis.

To properly calculate ηC , the JV curves must first be corrected for RS by calculating the voltage across

the junction [4, 67]:

V ′ = V −RSJ (6.1)

where V’ is the junction voltage, RS is the series resistance, and J is the current density. A plot of current

density vs junction voltage will now represent the JV curve without the influence of series resistance. Once

V’ has been determined ηC can be calculated as [18, 67, 70]:

ηC(V ′) = (J2(V ′)− J1(V ′))/(JL01 − JL02) (6.2)

where J1 and J2 are the current densities at the two illumination conditions. JLO1 and JLO2 are the

maximum photocurrents if perfect collection is achieved. JSC values will be used as JL0 for all calculations

in this study as there was little additional carrier collection in reverse bias and the light JV curves are

consistent with the dark curves at low voltages and currents (c.f. Figure 6.1).
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Figure 6.1 Illuminated and Jdark-JSC JV curves for the RbS PDT device demonstrates that the
superposition principle is not followed. Noise is present in the illuminated curve although it does not affect
the following analysis.

Figure 6.2 shows ηC as a function of voltage for each of the three devices. At the maximum power point

the reference sample had an ηC of 95%, meaning that 5% of photogenerated current was not collected from

the device. The RbS and RIS devices had ηC of 90% and 88% at the maximum power point, respectively.

The significant decrease in collection efficiency in both PDT devices can help explain the FF loss in each

device.

The JV curves can be corrected for ηC to quantify the impact on device performance. This can be done

using two equations [67]:

Jm = Jdark − JL0ηC (6.3)

Jideal = Jdark − JL0 (6.4)

where Jm is the measured current, Jdark is the dark current, and Jideal is the ηC corrected current. By

solving Equation 6.3 for Jdark and substituting into Equation 6.4 the relationship becomes [67]:

Jideal = Jm + JL0ηC − JL0 = Jm + JL0(ηC − 1) (6.5)

Using Equation 6.5 the ηC corrected current can be calculated for each device and compared to

Jdark-JSC. Figure 6.3 compares the measured JV curve to the RS corrected, ηC and RS corrected, and

Jdark-JSC curves for each sample. It is apparent in each sample that RS had a small, yet noticeable,

negative impact on the FF. However, this effect was overshadowed, particularly in the PDT devices, by the
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large effect of ηC on FF. After correcting for ηC there was a dramatic increase in FF as well as a small

increase in VOC for all three devices with negligible effect on JSC.
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Figure 6.2 Voltage-dependent collection efficiency (ηC) as a function of junction voltage (V’).

Table 1 lists the device performance parameters for each curve as well as the FF and VOC losses due to

RS and ηC . Both PDT devices displayed improved VOC over the Ref sample which is a common

observation for CIGS subjected to a RbF PDT [25, 31, 34, 35, 39]. Despite having higher VOC, the PDT

devices also had greater ∆VOC, which represents losses due to low ηC . Another way to state this is that

the PDT processes improved the dark JV behavior more than the light behavior. While each device had a

similar FF loss of 2% due to RS, large differences emerged when correcting for ηC . The ηC+RS corrected

FF was 4.9% higher in the Ref sample while the RbS PDT and RIS PDT sample fill factors increased 11%

each. The RbS device, in particular, would have a FF of 81% based on the above corrections, which

highlights the magnitude of losses which occurred in the PDT devices. It is clear that ηC is an important

loss mechanism in these devices, and that the PDT devices experienced greater losses due to lower ηC .

Power vs voltage plots can also be used to observe the losses caused by RS and ηC which are included

in Table 1. Figure 6.4 shows the power plots for each device and emphasizes the impact on device

performance. Maximum power in the ηC+RS corrected data was significantly higher in all three devices,

although the PDT samples demonstrated a much larger increase.

To improve this loss mechanism, it is necessary to identify possible causes of low collection efficiency.

Several sources can lead to voltage-dependent collection efficiency losses including low carrier lifetime, high

recombination, composition gradients, and narrow depletion width [18, 67, 68, 70].
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Figure 6.3 Measured and corrected JV curves for the a) Ref, b) RbS PDT, and c) RIS PDT devices.

TRPL measurements were performed to determine whether carrier lifetime influenced the loss

mechanism. Figure 6.5 shows that the carrier lifetime increased in both PDT devices compared to the Ref.

Bulk minority carrier lifetimes were calculated to be 8 ns, 122 ns, and 147 ns for the Ref, RbS PDT, and

RIS PDT devices respectively. Longer carrier lifetime leads to longer diffusion length. This would allow

carriers generated in the neutral region to reach the space charge region more easily, resulting in charge

separation and collection. Since the PDT devices showed inferior collection efficiency despite longer carrier

lifetimes, carrier lifetime does not appear to be the root cause.

Table 6.1 Device performance parameters for the measured and corrected JV curves. The change in VOC,
FF, and Pmax after corrections is also included.

Device Analysis VOC (mV) ∆VOC (mV) FF (%) ∆FF (abs.%) ∆Pmax

Ref
Measured 609 74.4

RS Corrected 609 76.2 1.8 3.0
ηC+RS Corrected 623 14 79.3 4.9 9.0

RbS PDT
Measured 632 70.4

RS Corrected 632 72.7 2.2 3.7
ηC+RS Corrected 660 28 81.0 11 20

RIS PDT
Measured 628 65.2

RS Corrected 628 67.3 2.0 2.7
ηC+RS Corrected 653 25 76.1 11 23
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Figure 6.4 Measured and corrected power vs voltage curves for the a) Ref, b) RbS PDT, and c) RIS PDT
devices.

To estimate the impact of recombination, reverse saturation current density (J0) was calculated for each

device. J0 values are proportional to recombination and can be compared between samples [75]. Higher

recombination rates can prevent carriers from reaching the space charge region where they are separated

and collected. The calculated J0 values were 1.3x10-6 mA/cm2, 3.5x10-7 mA/cm2, and 7.2x10-5 mA/cm2

for the Ref, RbS PDT, and RIS PDT devices, respectively. While the RIS PDT sample had higher J0 than

the Ref device, indicative of increased recombination, the RbS PDT sample had the lowest J0. Since both

PDT devices had worse collection efficiency, recombination may contribute, but was not the dominant

cause.

The common 3-stage co-evaporation deposition technique used in this sample set creates a gradient in

the GGI ratio near the front of the absorber. This feature, often referred to as a “V-notch” has been

proposed as an influence on voltage-dependent collection [70]. To explore this,TOF-SIMS depth profiles

were measured to compare the three samples. Figure 6.6 depicts the depth profiles of the GGI ratio. The

GGI ratios for the Ref and RbS PDT devices had similar depth profiles while the RIS PDT device had a

lower gradient near the heterojunction. The lower gradient in the RIS PDT device was due to the addition

of In to the PDT, resulting in a lower GGI ratio. This feature can’t account for all of the

voltage-dependent collection losses since the RbS PDT had similar losses to the RIS PDT.
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Figure 6.5 TRPL decay curves for each device displaying increased lifetime after PDT.

While the GGI profiles do not explain the voltage loss differences between the three devices it does

provide an interesting comparison to the results presented by Poplavskyy et al. [70]. The GGI gradient

presented in this study correlates well with several of the test devices in Poplavskyy et al. They found a

FF loss due to ηC of 10 abs.% in samples with similar GGI gradients, which is close to the 11 abs.% drop

in the PDT devices used in this study. Their results showed that increasing the GGI ratio at the

heterojunction resulted in greater voltage-dependent collection losses. It is suggested that the steep

gradient produces an electric field that opposes the collection field of the depletion region, leading to

increased recombination. This comes as a trade-off since the steep gradient reduces interface recombination

and leads to higher VOC. The results from Poplavskyy et al. would predict the RIS PDT device to have

lower FF losses, which suggests that the GGI gradient is not the only contributing factor. Still, optimizing

the trade-off between interface recombination and voltage-dependent collection is an essential step in

maximizing the performance of CIGS devices.

Figure 6.7a displays the carrier density vs depletion width plots calculated using variable C-V

measurements. Aside from a steep increase in the RbS PDT device at low depletion width, the carrier

density is within an order of magnitude for each sample across the depletion width range. Low depletion

widths are another potential source of poor voltage-dependent collection efficiency. To test this, the C-V

measurements were used to calculate the depletion width as a function of voltage (Figure 6.7b). The

depletion widths at Vmp for the Ref, RbS PDT, and RIS PDT devices were 0.26 µm, 0.07 µm, and 0.16 µm

respectively.
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Figure 6.6 TOF-SIMS depth profiles showing the relative difference in GGI ratio within the CIGS absorber
layer.

These results provide a potential mechanism for low collection efficiency as the PDT devices both have

lower depletion widths than the Ref sample. Electron-hole pairs are less likely to reach a narrower

depletion region where they can be separated. From the available experimental data, this mechanism fits

the results most closely.
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Figure 6.7 Variable C-V measurements providing a) carrier concentration vs depletion width and b)
depletion width vs voltage for each device.
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6.5 Conclusions

Two unique post-deposition treatments were analyzed for voltage-dependent collection efficiency (ηC)

losses and compared to a standard reference (Ref) sample. The RbF+S (RbS) and RbF+In+S (RIS)

PDTs both demonstrated lower collection efficiency at Vmp than the Ref device. VOC losses due to ηC

were 14 mV, 28 mV, and 25 mV in the Ref, RbS PDT, and RIS PDT devices respectively. Despite the

increased VOC loss due to ηC , the PDT devices still had higher overall VOC than the Ref device.

Additionally, FF loss due to RS and ηC was 4.9 abs.% in the Ref sample and 11 abs.% in both PDT

devices. This culminated in a maximum power loss of 9%, 20%, and 23% for the Ref, RbS PDT, and RIS

PDT devices respectively. Several theories of the origin of ηC were tested to identify strategies for reducing

losses. The best description was reduced depletion width in the PDT samples, although ηC likely depends

on several factors. Improvements may also be possible by reducing the GGI gradient at the heterojunction.

This comes at a trade-off with increased interface recombination, emphasizing the benefits of optimizing

the GGI profile in CIGS photovoltaics. RbF PDTs show promising results for improving CIGS

photovoltaics, and the analysis presented in this study identifies improving ηC as an important factor in

optimizing device performance.
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CHAPTER 7

DEFECT ANALYSIS OF RbF BASED POST-DEPOSITION TREATMENTS IN Cu(InXGa1-X)Se2

SOLAR CELLS

This chapter presents preliminary work on defect characterization of RbF treated CIGS solar cells.

Transient photocapacitance and deep-level transient spectroscopy were used to compare three CIGS

devices.

7.1 Introduction

One of the most effective techniques for identifying defects in semiconductor devices is the capacitance

transient. Complete explanations of capacitance transients can be found elsewhere, however a brief

description will be provided here for context [3]. Capacitance transients are created by applying voltage

pulses to a diode and measuring the capacitance response due to changes in the depletion width. Typically,

the voltage begins in reverse bias to establish an equilibrium state with a junction capacitance of C0.

Then, a 0 V or forward bias pulse is applied which shrinks the depletion width and causes a spike in

capacitance. As the depletion width shrinks charge carriers can populate defect levels in the previously

depleted zone. The voltage is then returned to reverse bias which allows the depletion region to reach

equilibrium once again, but the traps remain occupied. Excess charge remains in the depletion region due

to the occupied traps, resulting in a non-equilibrium capacitance. If the traps are filled with majority

carriers the non-equilibrium value will be less than C0, and for minority traps the non-equilibrium value is

greater than C0. Finally, the traps depopulate through thermal or other excitation sources and the

capacitance returns to equilibrium following an exponential curve. Characteristic decay curves are shown

for majority and minority carrier emission in Figure 7.1.

Transient photocapacitance (TPC) is a technique used to identify defect levels within the bandgap of a

semiconductor device [76]. A TPC measurement is performed by recording a capacitance transient in the

dark followed by an additional transient performed with low intensity, monochromatic light. The dark

transient is subtracted from the illuminated transient to remove the effect of thermal excitation. The

resulting curve represents carrier excitation due to the photonic flux at the wavelength used. This curve is

integrated over the desired time window and the resulting value plotted on a graph of TPC signal vs photon

energy. By sweeping the photon energy used for illumination a TPC measurement is completed. Any

defects that were excited by the photonic flux will appear as a Gaussian curve. The band-edge will also

appear in the graph since photons with energy above the bandgap will excite carriers during the transient.
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Figure 7.1 Exponential decay curves for capacitance transients featuring majority carrier emission (solid
line) and minority carrier emission (dotted line). t=0 represents the point when the sample is put into
reverse bias and the traps begin to depopulate. This figure is inspired by Fig. 5.8 in [3].

7.2 Experimental Methods

TPC measurements were performed on a home-built instrument at the National Renewable Energy

Laboratory. A Stanford Research SR570 current pre-amplifier and a SR830 lock-in amplifier were used to

measure sample capacitance. A Digikrom DK240 monochromator was used to select the desired

wavelength from a halogen light source. A Linkam LTS420 was used for temperature control. Custom

LabView software was used to collect data. Measurements were performed at 300 K using a reverse bias

pulse of -0.5 V and a forward bias pulse of 0.2 V. The wavelength was swept from 1.30 eV to 0.5 eV.

Deep level transient spectroscopy (DLTS) measurements were performed on the same instrument. The

bias pulse parameters were the same as those used in TPC. The temperature of the Ref and RIS PDT

samples was swept from 150 K to 400 K in 1 K steps while the RbS PDT device was swept from 150 K to

350 K in 1 K steps. The upper limit of the temperature sweep was chosen to capture the major DLTS peak

while limiting thermal load.

DLTS rate windows were calculated as ∆C=Ct1-Ct2 with t2/t1=2.5. By keeping the ratio of t2/t1

constant the DLTS peaks should maintain the same shape and amplitude at each rate window, and only the

peak temperature changes [3]. The maximum emission rate used for Arrhenius plots was calculated as [3]:

e = ln((t1/t2)/(t1 − t2)) (7.1)
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7.3 Results and Discussion

Figure 7.2 shows TPC spectra for the three devices outlined in Chapter 6. The band edge can be seen

near 1.20 eV and a defect level is present at 0.8 eV. Each spectrum has been normalized to the intensity at

1.30 eV which assumes that the conduction band density of states does not change between samples.

Thin-film interference fringes are clearly visible in the defect band region, an observation seen in other

studies. The magnitude of the TPC signal at 0.8 eV decreases after the RbF-based post-deposition

treatments (PDTs). This suggests that the concentration of a defect at EV+0.8 eV is reduced by the RbF

PDT.
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Figure 7.2 TPC spectra normalized to the intensity at 1.30 eV. A defect centered at 0.8 eV is present in all
samples with reduced intensity in the RbF PDT samples.

The EV+0.8 eV defect has been reported previously in TPC studies of CIGS devices [77–80]. Although

the identity of the defect is not certain, it has been proposed to represent the VCu+VSe divacancy complex.

If this is the case, the results presented here would agree with the findings published by Karki et al. which

found a decrease in the divacancy complex concentration after RbF PDT [31].

Due to the process used to calculate TPC data points, valuable information about the shape of the

capacitance transients is lost. There is a missed opportunity to gain additional understanding about the

defect composition of diodes when the transients are replaced with a single value. Figure 7.3 displays the

dark and light transients for the same sample set using a photon energy of 1.30 eV. Despite the TPC

spectra having similar shapes, the transients are quite different and provide additional information. The

Ref sample transients show behavior that is characteristic of majority carrier emission. This represents a
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majority carrier trap that is occupied during the filling pulse and empties during the transient. The RIS

PDT device fits better to minority carrier emission. The RbS PDT device has mixed behavior with the

beginning of the transient representative of minority carrier emission, which is overtaken by majority

carrier emission as the transient evolves. The light transients also show that photons enhance majority

carrier emission more than minority carrier emission. This explains why the TPC signal in Figure 7.2 is

positive in all three samples.
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Figure 7.3 Dark (left) and light (right) capacitance transients for each sample. 1.30 eV light was used in
the illuminated transients.

The specific source of the behavior seen in the capacitance transients is not known, however some

conclusions can be drawn. From the dark transient of the RbS PDT sample there appears to be at least

two active trap states. The RbF PDT also appears to change the trap signature which may influence

device behavior. Previous work from Karki et al. found RbF PDT to decrease the concentration of an

EV+0.98 eV trap state while having no effect on an EV+0.56 eV majority carrier trap [31]. Helder et al.

observed a minority trap at EV+0.45 eV in addition to a majority trap at EV+0.6 eV [66]. They found

that RbF PDT had little effect on the majority trap while decreasing the concentration of the minority

trap. The behavior reported here appears to be different than either of these cases as the minority trap

becomes more prominent after PDT. Further research is needed to identify the trap mechanism present in

these samples, however this analysis displays the benefits of considering the capacitance transients during

TPC experiments. With the addition of a temperature-controlled chamber, a single TPC experiment can

provide temperature-dependent TPC along with dark and light DLTS. To learn more about the defect
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structure of the sample set capacitance spectra were collected and DLTS analysis performed.
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Figure 7.4 DLTS spectra for a) Ref, b) RbS PDT, and c) RIS PDT at rate windows from 1.9 Hz to 25.5
Hz. The arrows indicate increasing rate window frequency. The PDT samples show the formation of a
possible shoulder peak at high frequencies.

DLTS spectra for each sample are shown in Figure 7.4 and shows a negative peak for the Ref sample

and positive peaks in the PDT samples. A negative peak indicates a majority carrier trap while a positive

peak indicates minority carrier traps [3]. The peak trends are similar to those seen in the TPC transients,

although the RbS PDT sample does not show a majority carrier peak. The RIS PDT device may also be

developing a second minority carrier shoulder peak, although longer rate windows are needed to further

study this signal.

The peak emission frequency for each sample was calculated for several rate windows and plotted on an

Arrhenius plot (Figure 7.5). Based on the slope of each curve the trap energy was calculated to be

EV+0.97 eV, EC-0.99 eV, EC-0.81 eV for the Ref, RbS PDT, and RIS PDT devices respectively. DLTS

typically is not used to probe traps this deep due to the slow thermal emission rates [3]. Additionally, the

DLTS peaks should not experience a change in shape or magnitude at different rate windows. The peaks

should simply shift in temperature [3]. This is not the case in the samples measured here which suggests

that a more complicated process is occurring. A potential factor could be the presence of multiple defects

resulting in exponential emissions that overlap. At this time, it is not understood what is causing these

effects and further research is needed to gain better understanding.
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Figure 7.5 Arrhenius plots calculating the activation energy of the DLTS peaks. The activation energies are
higher than typical DLTS measurements and may indicate non-ideal behavior.

7.4 Conclusions

In this preliminary research two capacitance based techniques were used to study the effect of

RbF-based PDTs on CIGS solar cells. Transient photocapacitance (TPC) showed the existance of a 0.8 eV

trap state which has been linked to the VCu+VSe divacancy complex. Additionally, the concentration of

the defect was found to be reduced after PDT. It was also shown that information about the defect

chemistry of a device can be lost during TPC measurments. Individual capacitance transients revealed that

multiple defects are active, and that the RbF PDT changed which trap state is dominant. Researchers

using the TPC technique should monitor the individual transients to ensure that no information is lost.

DLTS was also used to study the traps and revealed the Ref device had a majority carrier trap while the

PDT devices had a minority carrier trap. Arrhenius plots calculated the activation energy of the trap

states to be much higher than typical DLTS experiments. The DLTS spectra also displayed non-ideal

behavior. Additional research will be needed to understand the origins of the identified trap states.
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CHAPTER 8

CONCLUSIONS

8.1 Conclusions

This thesis presents an analysis of the effects of several RbF PDTs on the electronic properties of CIGS

solar cells. All RbF PDT devices experienced an increase in VOC relative to reference samples. Chapter 4

provided evidence that point defects and bandtails are both influential in determining VOC. The specific

defect concentration and bandtail characteristic energy were found to influence which source was the

dominant factor. Therefore, processing conditions are essential to determining how these factors impact

VOC. The RbF PDT device studied in Chapter 4 was found to have reduced bandtail width and increased

minority carrier lifetime, which contributes to the VOC improvement. Increased VOC, and resulting

increased device efficiency, provide motivation to optimize the RbF PDT process in the future.

The effect of RbF PDT is less clear when it comes to FF. Although the devices presented in Chapter 4

demonstrated an increase in FF after PDT, the opposite result was found for the devices in Chapters 5 and

6. The key loss mechanisms were found to be series resistance and voltage-dependent collection. Evidence

suggests that voltage-dependent collection may originate from reduced depletion width as well as the

bandgap gradient near the heterojunction.

Another consideration is the long-term stability of RbF PDT devices. Results in Chapter 5 showed that

a RbF PDT device experienced more degradation than a reference sample after six months in a desiccator.

The reference device as well as the RbF PDT device developed a blocking contact, although the barrier

height of the blocking contact was greater in the RbF PDT sample. In addition, the RbF PDT initially

benefited from reduced J0, but after aging the J0 values were similar to the reference.

Overall, RbF PDT shows promising results for improving CIGS solar cells. Maximizing benefits will

require careful optimization of processing conditions and consideration of trade-offs. More work is also

needed to improve long-term stability if this technique is to be used in a commercial setting.

8.2 Future Work

Improving VOC is an important consideration to make CIGS a commercially successful technology. RbF

PDTs consistently increase VOC and have the potential to improve conversion efficiency in CIGS PV.

Further research is still needed to maximize the performance of RbF treated CIGS. This thesis highlights

several areas where additional work is needed to understand the mechanisms involved with RbF PDTs.
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The sample set manufactured by the Université de Nantes provided valuable insight into the effect of

two unique RbF-based PDTs. However, additional understanding could be gained by including a RbF

PDT performed under a Se atmosphere. By including this additional device, the impact of the chalcogen

can be isolated from RbF. This would improve upon the current work which combines the effects of the

chalcogen and RbF into a single device.

Another essential area of study is in device stability. There is relatively little published research on the

long-term device stability of RbF PDT devices, and Chapter 5 highlighted the decline in performance over

time. This work focused on the decline in performance over time, but there are still questions about the

cause of these declines. TOF-SIMS or transmission electron microscopy experiments before and after aging

may provide valuable information into atomic migration over time. TOF-SIMS experiments presented in

Chapters 4 and 5 showed that Rb tends to displace other alkali elements and concentrates at interfaces.

The high mobility of alkali elements in CIGS could result in the distribution changing over time. It may

also provide insight into the formation of a back contact barrier seen in Chapter 5. Understanding how

elements have moved to form this barrier could provide valuable information to mitigate the effect.

Further work on defect analysis of RbF treated CIGS would also be valuable. While there has been a

significant number of high-quality papers published on the subject, the defect mechanisms are still not

certain. Chapter 7 discussed some unique challenges in analyzing defects in RbF PDT CIGS and identified

a potential change in defect behavior after PDT. The non-ideal DLTS behavior shown in Chapter 7 made

it difficult to extract activation energies. A potential explanation is the existence of multiple defects with

similar emission rates that are overlapping. Attempting to decompose the capacitance transients into the

individual trap signals may be a method of extracting the trap behavior.

As discussed earlier in this thesis, the commerical market for CIGS PV has declined in recent years.

However, there is emerging research that takes advantage of the tunable bandgap found in CIGS to make

tandem solar cells. CIGS tandem devices have been made with silicon and perovskite partner materials.

This research could be important to the future of CIGS PV, and understanding how RbF PDTs behave in

tandem devices is important. Using the techniques shown in this thesis, such as JVT, on tandem devices

treated with RbF would be valuable going forward. TOF-SIMS would also be helpful to monitor how the

alkali elements move in a tandem device and whether or not they remain within the CIGS layer.
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APPENDIX A

AUTOMATED JVT ANALYSIS CODE

The following github link provides a Python code for automated processing of JVT data as outlined in

Chapter 5.

https://github.com/jakewands/Automated-JVT-Analysis
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