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ABSTRACT

Today, most of the worldwide energy demand is being met by the use of non-renewable

carbon-based fossil fuels that are harmful to the environment and contribute to climate

change. With rising populations and rising standards of living worldwide, the demand for

energy is expected to rise, increasing the need for sustainable and environmentally-friendly

energy sources. Photovoltaics has the most potential of all renewable energy sources in

fulfilling the worldwide energy demand in the future.

The worldwide photovoltaics market is dominated today by the use of silicon-based pho-

tovoltaics. In recent years, thin-film Cu(In, Ga)(S, Se)2 (CIGSe, CIGSSe) has attracted at-

tention as a feasible solar cell absorber material due to its favorable properties such as a

high light absorption coefficient and tunable bandgap. Today, CIGSe and CIGSSe solar

cells are mainly fabricated through the use of costly and resource-intensive vacuum-based

routes, limiting its potential for large-scale utilization. However, solution-based routes to-

wards CIGSe and CIGSSe manufacturing have emerged as a potentially low-cost alternative

to vacuum-based CIGSe and CIGSSe manufacturing.

One of the strategies implemented in high-quality CIGSe film and device fabrication is

alkali treatments. Sodium treatments are widely used in CIGSe and CIGSSe processing, and

are required for high efficiency CIGSe and CIGSSe devices. Furthermore, the use of heavy

alkali (K, Rb, Cs) post-deposition treatments in vacuum-based CIGSe fabrication have a

resulted in a substantial increase in CIGSe device performance. Despite their beneficial

effects, their use on solution-processed CIGSe (CIGSSe) films and devices remains limited.

In this work, the effects of different alkalies on solution-processed nanoparticle-based CIGSSe

films and devices are investigated and analyzed.

Starting with potassium, introduction of K treatments to solution-processed CIGSSe

films selenized from oleylamine-capped colloidal sulfide-based Cu(In, Ga)S2 nanoparticle inks

resulted in enhancements in the selenization and grain growth of CIGSSe films. Furthermore,

X-ray photoelectron spectroscopy (XPS) on the as-selenized films shows evidence of the

presence of a high bandgap K-In-Se phase on CIGSSe films that were treated with potassium.
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Moreover, solar cell devices fabricated from CIGSSe films that were treated with both sodium

and potassium showed significantly enhanced performance.

Moving onto low carbon CIGSSe films that are selenized from sulfide-capped Cu(In, Ga)S2

(CIGS) nanoparticle films, significant growth resistance was observed for the sulfide-capped

CIGS nanoparticles, resulting in selenized and annealed films that are characterized by a

thin-coarsened layer and a significantly thicker fine grain layer that is mainly composed

of metals that did not incorporate into the growth front. By introducing sodium alkali

treatments to the sulfide-capped films, significant enhancements to the grain growth were

observed, resulting in fully-grown low-carbon CIGSSe films. It was also found that the use of

an alkali treatment, prior to selenization and growth, is a requirement for sufficient growth of

sulfide-capped CIGS nanoparticle films into coarsened CIGSSe films needed for high quality

devices. Furthermore, rubidium alkali treatments on sulfide-capped CIGS nanoparticle films

were also found to be effective in their growth-assisting ability. Moreover, increased PL

response was observed with CIGSSe films that were treated with Rb prior to growth. The

results and observations presented in this work provide an avenue towards enhancing the

performance of solution-processed nanoparticle-based Cu(In, Ga)(S, Se)2 solar cells.
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1. INTRODUCTION

1.1 The Need for Solar Power

Most of the worldwide energy needs today are being met by the use of non-renewable

energy sources such as petroleum, natural gas, and coal, accounting for over 80% of the

worldwide energy consumption [ 1 ], [ 2 ]. With population growth and increases in the stan-

dards of living around the world, especially India and China, the worldwide energy demand

is projected to increase by 50%, from 605 quadrillion Btu in 2019 to 900 quadrillion Btu by

2050. The increasing energy demand, the finite availability of fossil fuels, and the harmful

effects fossil fuel emissions have on the environment have stimulated research into renewable

and more environmentally-friendly energy sources. Today, renewable energy sources (wind,

solar, hydroelectric, geothermal) account for only 15% of the worldwide energy demand.

Their share is projected to increase to 30% by 2050 [ 2 ].

Of the available renewable energy sources, solar power is the most promising in meeting

the worldwide energy demand [ 3 ]. The amount of solar energy that reaches the Earth is on

the order of 105 TW, with 600 TW being potentially feasible to harness [ 3 ].

Renewable electricity generation in the United States is also projected to increase over the

next few decades [  1 ]. Renewables will increase their share in the U.S. electricity generation

from 19% in 2019 to a projected 38%, with nuclear power and coal decreasing their shares

by 2050, and natural gas remaining more or less stagnant [ 1 ]. Figure 1.1 below shows the

shares of different renewable energy sources for electricity generation in the United States in

2019 and their projections by 2050. In 2019, renewable electricity generation is dominated

by wind power and hydroelectric energy sources in the United States. However, by 2050,

solar energy electricity generation in the United States is projected to overtake wind and

hydroelectric energy sources, and increase its share of the renewable electricity market from

15% in 2019 to 46% by 2050, while wind power will remain more or less stagnant, and

hydroelectric electricity generation’s share of the renewables market will decrease by more

than 50%.

23



Today, solar energy is harnessed via two techniques: solar thermal power and photo-

voltaics. Solar thermal power uses solar energy to heat a fluid and generate steam that

is used to produce electricity via a turbine. Photovoltaics on the other hand, uses solar

radiation to produce electricity via a solid state material. This dissertation will focus on

photovoltaics.

Figure 1.1. Percentage share different sources of renewable electricity gener-
ation in the United States in (a) 2019 and (b) 2050, projected. Source Annual
Energy Outlook 2020 Report, U.S. Energy Information Administration [ 1 ].

1.2 Basic Principles of Solar Cells

A brief overview of solar cell device physics is presented below. For more information,

the reader is referred to refs. [ 4 ]–[ 6 ].

A solar cell is a solid-state semiconductor that extracts electricity from electromagnetic

radiation. Light, with a high-enough energy, generates electron-hole pairs (carriers) in the

solar cell material, which are extracted to an external circuit to perform electrical work.

When light with energy higher than the bandgap (a fundamental property of a semiconduc-

tor) is incident on a semiconductor, electrons will be excited from the valence band to the

conduction band leaving behind holes in the valence band. The excited electron will remain

in the conduction band for a given amount of time (on the order of nanoseconds to microsec-

onds in good quality semiconductor such as GaAs, Si, and CIGSSe), and then relax back to
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the valence band and recombine with holes. Excited electrons will need to be extracted to

the external circuit to perform useful work, before they relax to the valence band.

The core of a solar cell device is the p-n junction diode, which consists of a p-type

(electron-poor) material in contact with an n-type (electron-rich) material. When the p-n

junction is first formed, electrons from the n-type material diffuse across the junction to the

p-type material due to the electron concentration gradient, forming an electric field across

the junction that opposes the diffusion. Diffusion of electrons will continue until the formed

electric field is high enough to prevent further electron diffusion. When light is shined onto

a p-n junction, light-generated carriers (electrons in the p-type material, holes in the n-

type material) are swept across the p-n junction due to the built-in electric field generating

a current. In a solar cell, the p-n junction is sandwiched between other materials (back

contact, TCOs) to facilitate charge collection.

The single-diode model is a simple model to represent the behavior of an ideal solar cell.

Figure 1.2 shows the equivalent circuit of a basic ideal solar cell. The circuit consists of a

current generator in parallel with a diode. Two resistances are included in the model: a

resistance in series to the current generator, RS , and a shunt resistance that is in parallel

with the current generator, Rsh. RS and Rsh are lumped circuit parameters that are added

to represent parasitic losses that occur in a solar cell device.

Figure 1.2. Single-diode model equivalent circuit diagram of a solar cell

For the circuit diagram shown in Figure 1.2, applying Kirchhoff rules, the current J is

given by,

J = J0[ exp(q(V − AJRS)
nkBT

)− 1] + V − AJRS

Rsh

− Jph (1.1)
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where J is the current density through the load, J0 is the reverse saturation current density,

q is the elemental charge, V is the voltage through the load, A is the device area, RS is

the series resistance, Rsh is the shunt resistance, n is the ideality factor, kB is Boltzmann’s

constant, T is the absolute temperature, and Jph is the photo-generated current.

Double diode models that account for further non-idealities in the device behavior have

also been proposed [  6 ].

1.2.1 Solar Cell Performance Characterization

The performance parameters of solar cell devices is characterized and measured under

standard test conditions by shining a standardized AM1.5 light (calibrated to 1000 W/m2),

with the device temperature at 25 °C. Figure 1.3 shows a typical J-V curve, with all key

parameters highlighted. The current-voltage (J-V) behavior of the device, under light and

in dark is measured. Key parameters extracted from the J-V plot include the current at

zero voltage (short circuit, Jsc), the voltage at open circuit (zero current) conditions (open

circuit voltage, VOC ), and the fill factor (FF ), which represents the ’squareness’ of the J-V

curve, and is defined by,

FF = Pmax
JscVoc

= JmaxVmax
JscVoc

(1.2)

The most important parameter to characterize the performance of a solar cell device is

the power conversion efficiency (p.c.e., η), and is defined by the ratio of the maximum power

extracted from the device to the total incident power,

η = Pmax
PIncident

= FFJscVoc
PIncident

(1.3)

where PIncident is the power incident on the device (1000 W/m2 when measured under stan-

dard AM1.5 conditions). One typical approximation that is typically done is to take the

photo-generated current approximately equal to the short-circuit current, i.e. Jph ≈ Jsc. For

more information of solar cell device characterization, the reader is referred to Hegedus et

al. [ 7 ].
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Figure 1.3. Light and dark J-V curves of a 12% p.c.e. solution-processed
CIGSSe solar cell, with key parameters highlighted. The green rectangle de-
notes Pmax, and the red rectangle denotes the product JscVoc.

Another important measurement to characterize the performance of the solar cell device

is the external quantum efficiency (EQE), which is defined as the probability that a photon

with a given energy (wavelength) that is incident on the device will deliver an electron to

the external circuit; an EQE value of unity means that every photon of a wavelength λ that

is incident on solar cell device will cause one electron to be extracted to the external circuit.

The short-circuit current can also be extracted from EQE data through,

Jsc =
∫ ∞

0
qEQE(λ)E(λ) dλ (1.4)

where Jsc represents the short-circuit current density, q represents the elemental charge, λ

represents the wavelength, EQE(λ) represents the external quantum efficiency at wavelength

λ, E(λ) represents the photon flux at wavelength λ.
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1.3 Photovoltaic Technologies

Currently, crystalline silicon-based solar cells dominate the solar cell market, accounting

for over 82% of the photovoltaic market share, and with lab-scale single-junction conversion

efficiencies approaching 27% [ 3 ], [  8 ]. They represent the most developed and widely studied

PV technology, and the most widely used today [  3 ]. However in recent years, thin-film solar

cell (TFSCs) technologies have gained interest in recent years due to their high absorption

coefficients and direct bandgaps [ 3 ], [ 9 ]. These properties allow significantly thinner device

thicknesses (2-3 µm as opposed to 200-300 µm for c-Si solar cells). This is translated into

lower material usage in device fabrication [ 3 ], [  9 ]. Due to this thin structure, thin-film solar

cell technologies allow the fabrication of flexible solar cell devices, and building-integrated

PV structures, which are difficult to implement using thick c-Si solar cell devices [ 9 ], [  10 ].

CdTe, CIGSe (CIGSSe), and amorphous silicon (a-Si) represent the three most widely

commercialized thin-film PV materials today, with CdTe dominating the thin-film PV mar-

ket [ 3 ], [ 9 ]. However, in recent years, chalcopyrite Cu(In, Ga)Se2 (Cu(In, Ga)(S, Se)2) has

garnered increased attention due to the substantial increases in lab-scale efficiencies, and

the potential of high-efficiency devices to be fabricated on flexible substrates [ 3 ], [ 10 ]–[ 12 ].

Furthermore, the bandgap of CIGSe can also be tuned by adjusting the Ga-to-In ratio in

the film (see Table 1.1 below), which has uses in designing next-generation tandem device

structures such as CuInSe2/perovskite tandem solar cells [ 13 ], [ 14 ]. Furthermore, the ability

to fabricate CIGSe (CIGSSe) absorber films and devices via various solution-processed non-

vacuum-based techniques potentially allows the implementation of printing or roll-to-roll

fabrication, which would reduce fabrication costs considerably [ 15 ], [  16 ]. This dissertation

will focus on the Cu(In, Ga)(S, Se)2 system.

1.4 The Cu(In, Ga)(S, Se)2 System

Chalcopyrite Cu(In, Ga)Se2 (Cu(In, Ga)(S, Se)2), or CIGSe (CIGSSe) is a p-type poly-

crystalline semiconductor that has attracted interest in recent years owing to its high ab-

sorption coefficient, direct and tunable bandgap [ 3 ], [ 9 ], [ 10 ], [ 12 ], [ 17 ]. CIGSe (CIGSSe)

devices can also be deposited and grown on flexible substrates as only 1-2 µm-thick light
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absorber layer is sufficient for good light absorption [ 4 ], [ 9 ], [ 10 ], [ 12 ] Figure 1.4 shows the

crystal structure of chalcopyrite Cu(In, Ga)Se2.

Figure 1.4. Crystal structure of chalcopyrite Cu(In, Ga)Se2.

The CIGSe (CIGSSe) system is an intrinsically-doped p-type semiconductor (p-type char-

acter due to material properties, and not due to external doping), with its p-type conductivity

due to the presence of Cu vacancies, which would form in the material when it is grown Cu-

poor ([Cu]/[In]+[Ga] <1). High-efficiency CIGSe (CIGSSe) devices typically have the overall

[Cu]/[In]+[Ga] ratio between 0.8 and 0.95. This is to enhance the p-type conductivity and

prevent the formation of detrimental Cu2Se. The formation of Cu2Se is thermodynamically

favorable when [Cu]/[In]+[Ga] is close to unity [ 18 ], [ 19 ]. As mentioned above, one of the

attractive properties of the CIGSe (CIGSSe) system is the ability to tune the bandgap of

the material. This is done by varying the [Ga]/[In]+[Ga] ratio, the [S]/[S]+[Se] ratio, or a

combination of both [ 20 ]–[ 23 ]. The bandgaps, and lattice parameters, will generally vary

linearly with the GGI and chalcogen ratio, going from 1.00 eV for CuInSe2 to 2.40 eV for

CuGaS2. [ 20 ]–[ 23 ]. Table 1.1 below lists different common ternary chalcopyrite materials

and their respective bandgaps and lattice parameters.
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Table 1.1. Bandgaps and lattice parameters of common ternary chalcopyrite
materials [ 24 ].

Material Bandgap (eV) Lattice Parameter (Å)
CuInSe2 1.00 5.79
CuGaSe2 1.70 5.62
CuInS2 1.55 5.55
CuGaS2 2.40 5.39

1.4.1 Structure of a CIGSSe Solar Cell

Figure 1.5 shows a schematic of a CIGSSe device stack. A CIGSe (CIGSSe) solar cell

device is fabricated as a substrate-type structure, and is typically grown on glass substrates

or flexible polymer films [ 10 ], [  12 ]. The CIGSe (CIGSSe) device stack consists of a metallic

back contact, with CIGSe (CIGSSe) film grown on top of it forming the main light absorber

layer (p-type). An n-type buffer layer is deposited onto the CIGSe (CIGSSe) film, and

a transparent conducting oxide (TCO) layer is then deposited on top of the buffer layer.

Finally, the device is finished with deposition of metallic grids.

Figure 1.5. Diagram of a CIGSSe device stack fabricated on a glass substrate,
and employing a CdS buffer layer.
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The metallic back contact material used in almost all CIGSe (CIGSSe) devices is molyb-

denum as it forms an Ohmic contact with the p-type CIGSe (CIGSSe) film, and does not

show any diffusion behavior into the CIGSe (CIGSSe) layer during the high temperature

growth process. As for the n-type buffer layer, CdS is the most widely used material for a

buffer layer, and is deposited via chemical-bath deposition, with thicknesses around 50 nm

being sufficient for a high-efficiency device [ 25 ]; the thickness can be reduced to 20 or 30 nm

when a heavy alkali post-deposition treatment is applied on the CIGSe film (see Chapter 2

for overview on alkali metal treatments on CIGSe (CIGSSe.)) [ 12 ], [  26 ]. However, due to Cd

toxicity, and the ’spike’ band alignment between CdS and CIGSe [ 27 ], [ 28 ], high-efficiency

Cd-free CIGSe devices that use alternative buffer layers have been reported [ 21 ], [  28 ]–[ 31 ].

For the TCO layer, i-ZnO/ITO, i-ZnO/AZO (Al-doped ZnO), ZnMgO/Al-doped ZnMgO

[ 32 ] are TCO layer stacks that are commonly used in CIGSe (CIGSSe) devices, and are

usually deposited via radio frequency (RF) sputtering.

An overview of common CIGSe and CIGSSe film fabrication methods and processes are

given below.

1.5 CIGSe (CIGSSe) Absorber Films Fabrication

CIGSe (CIGSSe) absorber films can be fabricated via various methods. A brief overview

of the different methods is given below.

1.5.1 Vacuum-Based Cu(In, Ga)(S, Se)2

Vacuum-based methods to grow CIGSe (CIGSSe) absorber films are the most widely

used routes to grow the absorber films, and they have been responsible for producing the

highest efficiency CIGSe (CIGSSe) devices. Two main vacuum-based methods are used to

fabricate CIGSe (CIGSSe) films: the three-stage co-evaporation process and the two-step

process. A brief overview of each is given below.
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1.5.1.1 Three-Stage Co-Evaporation Process

One of the most commonly used methods to fabricate CIGSe absorber films is the three-

stage co-evaporation process, which was developed by NREL in the mid 1990s [ 33 ]–[ 35 ].

The CIGSe deposition is conducted in a vacuum chamber, with copper, indium, and gallium

evaporated onto Mo-coated substrates using Knudsen effusion cells.  

1
 Excess selenium is

evaporated simultaneously with the metals; Se flux on the order of three-four times Cu, In,

Ga flux is typical [ 36 ]–[ 39 ].

The three stages in this process consist of a low-temperature Cu-poor stage, followed by

a high temperature Cu-rich stage, and ends with a high-temperature Cu-poor stage. The

first stage is conducted at a low temperature (300 °C - 350 °C), In and Ga, along with Se,

are evaporated onto the Mo-coated substrates. At the end of the first stage, the deposited

film consists of (In, Ga)Se3, with relatively small grain sizes [ 40 ]. In the Cu-rich second

stage, the In and Ga evaporation is shut down, and the substrate temperature is increased

to temperatures greater than 500 °C (typically 560 °C - 600 °C), with Cu and Se evaporated

onto the film in the absence of group III elements [ 33 ]–[ 40 ]. The Cu is evaporated until the

overall film stoichiometry is slightly Cu-rich ([Cu]/[In]+[Ga]≈ 1.1) [ 18 ], [ 33 ]–[ 40 ]. During the

second stage, the entire film undergoes a recrystallization process due to the high deposition

temperature, and to the presence of a liquid Cu-Se phase [ 40 ]. The third and final stage

consists of evaporating In, Ga, and Se (without Cu) at the same temperature used in the

second stage, until the film’s overall composition is Cu-poor (CGI ≈ 0.8-0.95), after which

the substrate is cooled [ 18 ], [ 33 ]–[ 40 ]. The excess Se flux is maintained until the substrate

temperature reaches 300 °C - 400 °C to prevent In-loss through evaporation of Se-poor In2Se

from the CIGSe film [  33 ], [  41 ].

Typical CIGSe films that are deposited via three-stage process have thickness on the

order of 2-3 µm, and have a ’double-graded’ Ga structure in which the Ga amount decreases

from the back contact to minimum value slightly before the space-charge region (∼ 400 nm

from the film surface), and increase again towards the film surface reaching a maximum

value at the interface [  18 ], [ 33 ]–[ 40 ]. This double-graded structure leads to enhancements in
1Alkali metals are also deposited using Knudsen effusion cells via evaporation of alkali fluorides. See Chapter
2.
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the device performance, compared to an ungraded film (See Chapter 7). This is similar to

the back-surface field technique used in Si-based solar cells.

1.5.1.2 Two Step Process

The other more commonly used vacuum-based method to fabricate CIGSe (CIGSSe)

absorber films is the two-step process. The first step of this process consists of deposition

(under vacuum) of Cu, In, Ga onto Mo-coated substrates forming a metal film stack. [  21 ],

[ 22 ], [ 31 ], [ 42 ]. In the second step, the metal film stack is selenized either in a Se ambient

[ 43 ], or in a H2Se atmosphere at elevated temperature to grow and coarsen the film [ 21 ], [ 22 ],

[ 31 ], [ 42 ]. The current 23.35% CIGSSe world record by Solar Frontier is fabricated via the

two-step route in their Sulfurization-after-Selenization (SAS) process; the metal film stack

is first selenized in H2Se, after which the surface of the resulting CIGSe film is sulfurized in

a H2S ambient to obtain the front bandgap grading [ 21 ], [  22 ], [  31 ], [  42 ].

1.5.2 Solution-Processed Thin Film Cu(In, Ga)(S, Se)2

Non-vacuum solution-based routes towards CIGSe (CIGSSe) fabrication have gained in-

terest in recent years due to their low capital costs, higher material utilization, and their com-

patibility with printing and roll-to-roll manufacturing [ 3 ], [  44 ]. However, solution-processed

CIGSe (CIGSSe) device performance has lagged behind its vacuum-base counterpart, with

the highest reported efficiency of a solution-processed CIGSSe device being 18.68% by So-

lar Frontier in 2016 using a DMSO-based ink [ 45 ]. However, their exact deposition process

and conditions were not disclosed [ 45 ]. Zhang et al. reported an 18.1% champion device

efficiency for a solution-processed CIGSSe film fabricated using dangerous and explosive hy-

drazine [  46 ]. The highest non-hydrazine CIGSSe device efficiency is 15% (based on total

device area), fabricated via a nanoparticle-based route, was reported by McLeod et al. [ 47 ].

In general, solution-processed routes towards CIGSSe absorber films are two-step meth-

ods: the first of which is deposition of a precursor ink onto a Mo-coated substrate forming

the precursor film, and the second is annealing the precursor film at high temperature (T ≥

450 °C) in a suitable ambient (Se vapor or H2Se) to grow the grains forming the coarsened
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absorber film [ 44 ]. Subsequent device layers are deposited onto the coarsened film forming

the complete device. Figure 1.6 below shows a schematic of the solution-based fabrication

process of a CIGSSe device.

Figure 1.6. Schematic of fabrication of solution-processed CIGSSe device
from CIGS nanoparticles. (1) Ink preparation and formulation. (2) Ink is
coated onto Mo-coated substrates forming the as-coated film (3). (4) as-coated
ink is sintered and selenized in a Se-vapor forming the coarsened film (5). (6)
CIGSSe device is fabricated with deposition of window and buffer layers, and
subsequent deposition of metallic grids.

Methods to fabricate solution-processed CIGSe (CIGSSe) absorber films are divided

based on how the precursor ink and film are synthesized and fabricated, and can be roughly

divided into nanoparticle-based routes and molecular precursor-based routes [ 44 ]. Electro-

chemical-based routes to produce CIGSe (CIGSSe) have also been used, but much less so

than either the molecular precursor or the nanoparticle-based routes [ 3 ].
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1.5.2.1 Colloidal Nanoparticle Route

Colloidal nanoparticle routes have been used extensively to synthesize a wide variety

of materials and absorber films including CISSe [ 48 ], CZTSSe [ 49 ]–[ 53 ], CIGSSe [ 15 ], [ 47 ],

[ 54 ]–[ 57 ], CuAsS4 [ 58 ], [ 59 ], and AZTSSe [ 60 ]; and is the fabrication route used throughout

this dissertation.

The use of nanoparticles allows a high degree of composition control in that the de-

sired composition of the final absorber material can be tuned on the nano-scale [  44 ]. In the

colloidal nanoparticle-based route for CIGSSe films, nanoparticles of a precursor material

are synthesized via a colloidal synthesis reaction, after which they are purified and dried.

The dried nanoparticles are then suspended in a suitable solvent forming the nanoparticle

ink. This ink is then coated onto a Mo-coated substrate forming the precursor nanoparti-

cle film. The film is then annealed at high temperature (≥ 450 °C) in a Se-vapor ambient

to coarsen the film. The precursor nanoparticles that are used in almost all the CIGSSe

nanoparticle-based routes are sulfide Cu(In, Ga)S2 (CIGS), and are usually synthesized us-

ing the oleylamine (OLA) (an 18-carbon primary amine, boiling point = 364 °C) [ 47 ], [ 54 ],

[ 56 ], [  57 ]; sulfide CIGS nanoparticle are also used as the precursors to CIGSSe in this work.

Oleylamine is commonly used in nanoparticle syntheses due to its excellent ability to control

the kinetics and sizes of the nanoparticles, and to its ability to prevent nanoparticle ag-

glomeration during the colloidal synthesis reaction by providing stearic hindrance between

the nanoparticles [ 61 ], [ 62 ]. During the nanoparticle synthesis, the nitrogen on the oley-

lamine molecule attaches to the synthesized CIGS nanoparticle surface as a ligand molecule

(OLA-capped nanoparticle) [ 15 ], [  57 ], [  61 ], [  63 ]. Due to its high boiling point, oleylamine

is difficult to remove with heat-based methods, and will typically remain attached to the

nanoparticle surface, even after coating the precursor nanoparticle film. During the high

temperature selenization step of OLA-capped CIGS nanoparticles into a coarsened CIGSSe

film, a bi-layer morphology results consisting of a coarsened CIGSSe film on the top, and

a high-carbon ’fine grain’ layer on the bottom; the carbon accumulation in the ’fine grain’

layer is due to the carbon leftover from the oleylamine ligand. [ 15 ], [  47 ], [  54 ]–[ 57 ]. Figure 1.7

shows a film cross-section of a CIGSSe film selenized from OLA-capped CIGS nanoparticles.
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Ligand-exchange processes in which the oleylamine ligand is exchanged with a low-boiling

ligand that would leave during the high temperature annealing phase have been developed

for sulfide-based CIGS nanoparticles, and have demonstrated the removal of near-complete

removal of carbon in the final film [ 57 ].

Figure 1.7. Cross-sectional SEM image of a Cu(In, Ga)(S, Se)2 film selenized
at 550 °C for 15 minutes from oleylamine-capped Cu(In, Ga)S2 nanoparticles.

Nanoparticle-based CIGSe (CIGSSe) have shown considerable success in producing high-

efficiency CIGSSe, with device efficiencies ≥ 12% with an un-graded CIGSSe film have been

reported by various authors [ 47 ], [  54 ], [  56 ], [  57 ].

1.5.2.2 Molecular Precursor Route

The other main solution-processed route towards fabricating CISe (CISSe) and CIGSe

(CIGSSe) absorber films is through molecular precursors. In this route, molecular solutions

of Cu, In, Ga are prepared from metal salts dissolved in a suitable solvent such as methanol

[ 64 ] and DMSO, DMF [ 65 ]. The molecular solutions are then coated onto Mo-coated glass

substrates, and selenized in a Se-rich environment to form the coarsened absorber film.

Molecular solutions utilizing amine-thiol chemistry are also widely used to fabricate CISSe

(CIGSSe) absorber films [ 66 ]–[ 69 ]. The amine-thiol solvent system allows the flexibility to

dissolve a wide variety of metals and metal salts to form the precursor ink. These include

metal sulfides, metal acetates, metal iodides, metal halides, and even pure metals such as

Cu, In, and Ga [ 63 ], [ 66 ]–[ 69 ]. The metal-containing (metal salts or pure metals) amine-thiol
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solutions are deposited onto Mo-coated substrates via spin-coating or blade-coating form the

precursor film, which is then selenized at elevated temperatures in a Se-containing ambient

to form the coarsened CIGSSe film. Efficiencies of up to 15.25% (active area) have been

reported for CIGSSe devices fabricated using the amine-thiol system [ 69 ].

The highest efficiency reported for a molecular precursor CIGSSe device is 18.1%, which

was fabricated using a hydrazine-based approach [ 46 ].
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2. ALKALI METALS IN CIGSSE FILMS AND DEVICES

2.1 Introduction

The use of alkali doping in CIGSSe processing is considered a requirement for high-quality

CIGSSe absorber films, and high-efficiency CIGSSe devices [ 11 ], [  12 ], [  41 ], [  70 ]–[ 72 ]. Sodium

is the most studied and the most commonly used of the alkali metals in CIGSe (CIGSSe)

processing, as almost all high efficiency Cu(In, Ga)Se2 (Cu(In, Ga)(S, Se)2) devices contain

an intentional sodium addition step before, during, or after growth of the CIGSSe absorber

film. More recently, the effects of the addition of heavier alkali such as potassium [ 12 ], [ 73 ],

[ 74 ], rubidium [ 75 ], [ 76 ], and cesium [ 77 ], [ 78 ], on CIGSSe have led to a sharp increase in the

record CIGSSe device efficiency, where lab-scale efficiencies increased from 20.35% to 23.35%

within a span of six years (See Figure 2.1 below) [ 11 ].

Sodium alkali treatments generally enhance the CIGSe (CIGSSe) film grain growth [ 18 ],

[ 55 ], [ 56 ], [ 79 ], [ 80 ] and improve the CIGSe (CIGSSe) bulk optoelectronic properties through

grain boundary passivation [ 18 ], [  70 ], [  81 ]. Moreover, the use of heavier alkalies (K, Rb, Cs)

in CIGSe (CIGSSe) processing through a post-deposition treatment leads to a modification

of the Cu(In, Ga)Se2 film surface, resulting in a surface that is depleted of both Cu and Ga,

and to the formation of a high-bandgap K-In-Se (in the case of K) or Rb-In-Se (in the case

of Rb) phase on the absorber surface [ 12 ], [  73 ], [  74 ]. These surface modifying effects have

led to considerable increase in CIGSe (CIGSSe) device performance. The use of alkalies,

especially K and Rb, has become an integral part in the vacuum-based CIGSe and CIGSSe

processing.

In this chapter, an overview of the use and effects of different alkali metals on CIGSSe

films devices is presented. Starting from sodium, its effects on the CIGSSe film morphology,

growth kinetics, and optoelectronic performance is outlined. Next, the effects of heavier

alkali (K, Rb, Cs) on vacuum-based CIGSSe is presented. Finally, the chapter ends with an

overview of alkali use on solution-processed CIGSSe films and devices.
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Figure 2.1. Development timeline of CIGSe (CIGSSe) record efficiencies in
the last 30 years. Data points shown in red denote CIGSe (CIGSSe) devices
with K treatments, while data points in blue denote CIGSe (CIGSSe) with Rb
or Cs treatments. Figure adapted from Hariksos et al. [ 11 ]

2.2 The Role of Sodium in CIGSSe Films and Devices

The role of sodium on CIGSe film and device enhancement was first reported by Hedstrom

et al. where Cu(In, Ga)Se2 films grown on soda-lime glass substrates showed enhanced

growth and significantly enhanced optoelectronic properties, compared to films grown on

other substrates such as borosilicate glass, sapphire, and alumina [ 41 ]. Following that, a

large number of observations and models on the specific action of Na on CISe and CIGSe

(CIGSSe) were reported since then, with the consensus that sodium is highly beneficial in

enhancing the optoelectronic performance of CIGSSe devices.

The morphological changes to the CIGSe (CIGSSe) film seen with Na addition are man-

ifested in larger grain sizes (reduction in grain boundaries) and a stronger (112) texturing of

the CIGSe (CIGSSe) absorber film [ 41 ], [  55 ]. The Na enhancement of the CIGSSe film grain

growth has been explained to be due to increased selenium incorporation and the forma-

tion of a liquid medium during CIGSSe film deposition and grain growth [ 55 ], [ 82 ]. During

growth, sodium already present in CIGSSe films assists selenium incorporation by binding

to the Se vapor forming a liquid-phase Na2Sex in the film [ 82 ]. The liquid Na2Sex acts as a
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selenium reservoir in the film and accelerates metal diffusion within the film, and ultimately

enhances grain growth [ 55 ], [  56 ], [  82 ]. Other authors have shown that the presence of Na in

CIGSe films grown via the three-stage process decreases In/Ga intermixing, and in extreme

cases leads to a high-In CIGSe and high-Ga CIGSe phase segregation [ 18 ], [  71 ]. Moreover,

Rudmann et al. have postulated that specific action of Na on the CIGSe growth kinetics

and elemental distribution is a function of the CIGSe (CIGSSe) growth process used [ 18 ]

Sodium has also been shown to enhance the electronic and optoelectronic properties of

CIGSSe films and devices, leading to significant gains in the p.c.e. manifested in an increase

in open-circuit voltage, fill factor, and to a lesser degree an increase in the short circuit

current. Moreover, enhanced p-type conductivity, with an order of magnitude increase in

the carrier concentration, has also been reported for Na-treated CIGSSe films, as compared

to untreated films.

The mechanism by which Na enhances the electronic properties of CIGSe (CIGSSe) is

still a matter of debate. A number of models regarding Na-induced electronic enhancements

of CIGSe (CIGSSe) films have been proposed by researchers. One such model is the presence

of Na (alkali) accelerates the neutralization of VSe defects, which are donor-type defects and

act as recombination traps for photo-generated carriers [  83 ]. Kronik and co-workers have

proposed that Na neutralizes the VSe donor-type defect through Na-catalyzed film oxidation

[ 83 ]. On the other hand, Niles et al. have argued that electronic enhancements from Na

are due to Na occupying In and/or Ga states forming NaIn and NaGa defects, which are

acceptor states, and thus would enhance p-type conductivity [ 84 ]. Contreras et al. proposed

that Na reduces the formation of the donor-type InCu anti-site defect by occupying Cu-sites,

forming NaCu states [ 80 ]. Other reports have suggested that Na neutralizes the (2VCu +

InCu) neutral defect complex reducing the InCu compensating defect [ 85 ]. Sodium has also

been suggested to passivate the CIGSe (CIGSSe) grain boundaries by many researchers [ 70 ],

[ 72 ], [  86 ]. However this was recently called into question by Abou-Ras and co-workers [ 87 ].

2.2.1 Sodium Incorporation Methods

In CIGSe and CIGSSe processing, sodium can be incorporated into the CIGSe film via

various routes, the selection of which mostly depends on the growth process used. Figure 2.2
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shows a diagram of the different Na incorporation routes used in CIGSe (CIGSSe) processing.

The most common route for Na addition is through diffusion from a Na-containing substrate

during the high temperature growth (T ≥ 550 °C), e.g. soda lime glass. For a more precise

control of the amount of Na addition into the CIGSe (CIGSSe) film, external routes to

incorporate Na are used. A Na-containing species can be evaporated during CIGSe film

growth, alongside Cu, In, Ga, and Se. Sodium can also be added prior to CIGSe film

deposition and growth through the deposition of a Na-containing compound either on the

Mo back contact, or on a CIGSe precursor film such as in the case of the two-step process or in

solution-processed CIGSe (CIGSSe). Na can also be added after CIGSe film growth through

a post-deposition Na treatment (usually through evaporation of NaF in a Se ambient) to

enhance the CIGSe electronic properties with minimal effects on the film growth kinetics

[ 10 ], [ 12 ], [ 73 ]. Na-PDT is shown to be more effective in enhancing vacuum-based CIGSe,

particularly at low growth temperatures (400 °C - 450 °C) [  71 ]. Chirilla et al. have used

Na-PDT to enhance the electronic properties of CIGSe films grown on flexible polyamide

films at low temperatures (T ≤ 450 °C).

The most common external sodium source used in CIGSe (CIGSSe) processing is sodium

fluoride (NaF), which has been used extensively in vacuum-based CIGSe [  10 ], [ 12 ], [ 70 ],

[ 73 ], and in solution-processed CIGSSe [ 15 ], [ 55 ]–[ 57 ], [ 66 ]. The extensive use of NaF as the

sodium source is mainly due to its high stability (does not disassociate during evaporation)

[ 88 ], and the relative inertness of the fluoride on CIGSe film properties. Other Na sources

such as Na2Se [  89 ], NaCl [ 47 ], [ 54 ], [ 64 ], and NaSCN [ 64 ] have also been used in CIGSe

(CIGSSe) processing.

The majority of sodium incorporated into CIGSe (CIGSSe) films mainly resides on grain

boundaries and grain surfaces, with much lower amounts of Na found in the intra-grain

regions [ 18 ], [ 71 ], [ 79 ], [  86 ], [ 90 ]. Cadel and co-workers have demonstrated through the use

of atom-probe tomography the presence of Na in the CIGSe grains, with enrichment of Na

on the grain boundaries [ 91 ]. The typical amount of Na in a high efficiency CIGSe film is

reported to be on the order of 0.1 at% [ 71 ], which is typically comparable to the amount

of Na that diffuses from the soda-lime glass substrate during the three-stage process when

grown at high temperatures (≥ 550 °C) [  71 ].
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Figure 2.2. Possible routes for Na incorporation into CIGSe (CIGSSe) film.
(a) Diffusion from substrate, e.g. soda-lime glass. (b) Deposition of Na-
containing compound on CIGSe (CIGSSe) during growth. (c) Deposition of
Na-containing compound prior to selenization and growth, e.g. on a CIGSe
precursor film. (d) Deposition of Na after CIGSe (CIGSSe) film growth through
a post-deposition treatment.

2.3 Potassium

The use of potassium treatments in CIGSe (CIGSSe) device fabrication represents one of

the most significant developments in CIGSe (CIGSSe) solar cells, and has been responsible

for the sharp increase in the record CIGSe (CIGSSe) device efficiencies in recent years [  11 ].

The surface effect of K on CIGSe was first discovered in 2013 by researchers at Empa [ 12 ],

who reported that K added through a post-deposition treatment to CIGSe films modifies the

surface, and depletes it of Cu and Ga, leaving an In-rich surface [ 12 ]. The depleted CIGSe

surface enhances the p-n interface with CdS through assisting Cd diffusion onto the CIGSe

surface due to the higher number of Cu vacancies 

1
 [ 12 ]. In practice, this allows a thinner

CdS layer to be deposited with minimal losses in both open-circuit voltage and the fill factor,

while providing a gain in the short-circuit current due to lower light absorption in the thin

CdS layer [ 12 ]. They were able to increase the device p.c.e. from 18.7% for a Na-treated

film to 20.4% for a Na + K treated film [  12 ].

Potassium post-deposition treatments on CIGSe was also reported to lead to a bandgap

widening of the CIGSe surface [ 92 ], [  93 ]. Pistor et al. have attributed the surface bandgap
1During CdS chemical bath deposition on CIGSe, a surface p-n inversion occurs due to Cd diffusion onto
the CIGSe film. Cd occupies Cu vacancies forming CdCu donor-type defects.
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widening to be a result of the Cu-depleted surface [ 93 ]. However, other researchers have

shown through experimental observations [  73 ], [ 92 ] and theoretical arguments [ 81 ], [ 94 ]; that

the surface bandgap widening is caused by the formation of a In2Se3 or a KInSe2 phase on

the surface, as a result of the potassium treatments on CIGSe. The higher surface bandgap

improves the junction quality by forming a passivation layer at the CIGSe/CdS interface.

Other authors also reported that potassium treatments not only modify the CIGSe surface,

but also the CIGSe bulk [ 30 ], [ 56 ], [ 81 ]. Increased PL intensities and carrier lifetimes (from

TRPL measurements) are reported for K-treated film, compared to untreated CIGSe [ 30 ],

[ 81 ]. The main effects realized by KF-PDT on CIGSe (CIGSSe) solar cells are increases in

open-circuit voltage and fill factor [ 12 ], [ 74 ]. Increases in the p-type conductivity of CIGSe

subjected to a potassium treatment are also reported [ 95 ].

Potassium treatments on vacuum-based CIGSe film are conducted in situwith the CIGSe

film growth as post deposition treatments (Figure 2.2 (d)), where KF is evaporated in a Se

atmosphere onto the fully grown CIGSe film surface. In a typical co-evaporation process

with KF-PDT, after the CIGSe film deposition, the temperature of the substrate is lowered

from the deposition temperature of 550 °C - 600 °C to 250 °C - 350 °C, at which KF is

evaporated, along with Se. Typical evaporated KF thicknesses used are 10 - 40 nm [ 12 ], [  74 ],

[ 96 ]. In the cases of CIGSSe films with sulfurized surfaces such as those produced by Solar

Frontier, KF-PDT is done in a S-containing ambient at the same temperatures as in the

conventional three-stage co-evaporation process [ 32 ]. Similar to Na, K is also found to reside

mainly on grain boundaries [ 81 ]. Moreover, potassium has also been observed to accumulate

at both the Mo-CIGSe and the CIGSe-CdS interfaces [ 12 ], [  81 ].

2.4 Heavy Alkalies

Heavier alkalies such as Rb and Cs were also incorporated into CIGSe (CIGSSe) process-

ing, and have led to significant gains in the power-conversion efficiency of CIGSe (CIGSSe)

solar cells [ 75 ], [ 97 ]; the current CIGSSe world record of 23.35% by Solar Frontier utilizes

CsF post deposition treatment [ 21 ]. RbF and CsF post-deposition treatments has been re-

ported to cause similar effects to KF-PDT, which include surface depletion of Cu and Ga,

and formation of a AkInSe2 (Ak = K, Rb, Cs) phase on the film surface [ 75 ], [ 94 ], [ 98 ].
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Similarly to the case of K, Rb and Cs have been shown through theoretical arguments to

mainly reside on the grain boundaries [ 94 ], and in the case of Rb, experimental evidence of

the accumulation of Rb on the CIGSe interfaces and grain boundaries has also been reported

[ 99 ], [  100 ].

Significant improvements in the open circuit voltage and fill factor are also reported with

the heavy alkalies [ 75 ]. Wolter et al. reported significant increases in the p.c.e. of RbF-PDT

CIGSSe devices, increasing from 13.3% for the untreated film to 18.2% for a film treated

with NaF/RbF PDT [ 97 ]. Similar to K, the CIGSe (CIGSSe) film tolerance with a thin CdS

layer is also improved with the heavy alkali treatments [ 21 ]. Increased surface bandgap is

also reported with RbF [  101 ].

A commonly reported observation from the CIGSe (CIGSSe) literature is that heavy

alkalies, when added through a PDT, tend to replace lighter alkalies already in the CIGSSe

film. This effect was first reported by Chirilla et al., where they observe that K, added

through a KF-PDT to CIGSe film which had undergone a NaF-PDT prior to the K treatment,

had replaced the Na that was in the film [ 12 ]. This was attributed to be a result of an ion-

exchange process that exchanges heavy alkalies with lighter ones [ 12 ]. Similar effects are

also reported for heavier alkalies in that Rb replaces K and Na, while Cs replaces Rb, K,

and Na, when added through a post-deposition treatment [ 75 ].

2.5 Alkali Treatments in Solution-Processed Routes

Given the very beneficial effects of alkali treatments on vacuum-based CIGSe (CIGSSe)

films and devices, they have not been utilized extensively in solution-processed CIGSe, with

the exception of Na.

Sodium has been used in various reports in solution-processed CIGSe (CIGSSe) films

and devices [ 15 ], [ 47 ], [ 54 ]–[ 57 ], [ 64 ], [ 66 ], [ 102 ]. Na is added prior to growth, and no reports

of addition of Na through a post-deposition treatment for solution-processed CIGSSe are

published. Effects observed with Na addition include increased grain sizes and grain growth

[ 54 ], [ 55 ], [ 102 ], higher (112) texturing [ 55 ], a decrease in the thickness of the carbonaceous

’fine-grain’ layer [ 102 ], reduced band-tailing [ 56 ], and increases in device efficiencies [ 54 ],

[ 56 ], [ 64 ]. McLeod and co-workers have proposed that the presence of Na prevents grain
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growth stagnation in CIGSSe films grown from a solution-processed nanoparticle-based CIGS

precursor [ 55 ]. They propose that Na enhances metallic diffusion within the film, which would

otherwise be limited, due to the formation of a liquid-phase Na-Se species [ 55 ]. Similar

observations are also report by Moon et al. [ 102 ].

Unlike vacuum-grown CIGSe (CIGSSe), the carrier concentration does not appear to

change appreciably with the addition of Na on solution-processed films CIGSSe [ 54 ], [ 56 ] and

CISe [ 103 ] films and devices. Rehan et al. proposed that the reason the carrier concentration

is not influenced by Na is that the mechanism by which Na acts on solution-processed

CISe (CIGSSe) is different than on vacuum-based absorbers [ 103 ]. They argue that the

performance gains realized by Na on solution-processed devices are due to reduced surface

defects [ 103 ].

The Na sources and delivery methods used in solution-processed CIGSSe (CISe) fabrica-

tion routes are more varied than in the vacuum-based routes, however, Na is almost always

added prior to selenization and growth. Na can be delivered via solution-based routes such as

dipping the precursor film in an aqueous NaCl solution [ 47 ], [ 54 ], and adding a Na-containing

species (NaCl [ 64 ], NaSCN [ 64 ], NaHCOO [ 64 ], [ 102 ], [ 103 ]) directly to the ink used for coat-

ing. Na also can be delivered to solution-processed CIGSSe via vacuum-based routes through

the evaporation of NaF onto the precursor film prior to selenization [ 15 ], [ 55 ]–[ 57 ], [ 66 ], [ 67 ].

Heavier alkalies (K, Rb, Cs) are much less utilized in solution-processed CIGSe (CIGSSe)

films and devices, despite the significant performance gains with heavy alkali treatments on

vacuum-based CIGSSe (CIGSe) devices.

2.6 Scope of this Dissertation

Alkali treatments, particularly K, Rb, and Cs, are highly effective in improving the

performance of CIGSe and CIGSSe solar cells. Despite their beneficial effect on vacuum-

based CIGSe (CIGSSe), their use on solution-processed CIGSe and CIGSSe films and devices

remains lacking, with the exception of Na.

Due to the nature of solution-processed methods, and the absence of methods that can

apply alkali treatments in situ after CIGSSe absorber growth, alkali treatments (mainly Na)

for solution-processed CIGSe and CIGSSe films are generally applied prior to growth. The
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alkali would then be present in the film during the entirety of the selenization and grain

growth process. Implementation of alkali treatments on solution-processed CIGSe (CIGSSe)

requires taking into account how the alkali affects the film formation and growth, as well as its

effects on the electronic and optoelectronic properties of the absorber film. These two aspects,

combined with the drastically different growth mechanism involved in the selenization and

grain growth of solution-processed CIGSe and CIGSSe over their vacuum-based counterparts,

warrant investigation as the literature is currently lacking in this regard. This differs from

vacuum-based CIGSe and CIGSSe where generally post deposition treatments are applied

in-situ after absorber growth.

In this report, the effect of different alkalies on solution-processed nanoparticle-based

CIGSSe absorber films and devices is investigated. The CIGSSe films used throughout this

dissertation are fabricated from the selenization of Cu(In, Ga)S2 nanoparticles, both high-

carbon oleylamine-capped and low-carbon sulfide-capped nanoparticles are used.

Starting with Chapter 3, the effect of potassium on the CIGSSe films growth, morphol-

ogy, surface chemistry, and optoelectronic performance is investigated. Addition of K into

the as-coated OLA-capped CIGS nanoparticle film has shown to be effective in improving

the grain growth of CIGSSe films, and contributes to the formation of a surface species not

observed for untreated or films treated with Na only. Furthermore, significant optoelectronic

performance enhancements were realized via inclusion of K treatment. In chapter 4, analysis

of the effect of KCN, an etchant used in the nanoparticle-based CIGSSe processing [  47 ], [  54 ],

on sulfide-based CIGS nanoparticles, and subsequent CIGSSe films fabricated from the CIGS

nanoparticles, is presented. It is found that KCN etches Cu and Ga selectively from the film

bulk, and that CIGSSe films fabricated from KCN-etched CIGS nanoparticles are composed

of a mixture of two-phases: α-Cu(In, Ga)Se2 and the Cu-deficient β-Cu(In, Ga)3Se5. More-

over, enhanced grain growth is observed for CIGSSe film selenized from KCN-treated CIGS

nanoparticle films, which is explained by the potassium-induced growth assisting behavior,

with the potassium introduced into the film from the KCN treatments.

In Chapter 5, growth behavior of low-carbon ligand-exchanged DAS-capped CIGS nanopar-

ticles is analyzed. it is found that DAS-capped CIGS nanoparticles are very resistant to

grow into coarsened CIGSSe films due to their different surface properties, compared with
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the high-carbon OLA-capped CIGS nanoparticles, with untreated CIGSSe films selenized

from DAS-capped CIGS nanoparticles showing poor optoelectronic performance. It is also

observed that treating the DAS-capped films with alkali leads to a step change in both the

extent of growth, and in the optoelectronic performance of CIGSSe films and devices sel-

enized from DAS-capped CIGS nanoparticles, and that an alkali treatment applied prior to

selenization, is required for adequate film growth.

In Chapter 6, preliminary results on the inclusion of Rb into low-carbon CIGSSe absorber

films is presented. It is found that Rb, like Na and K, shows growth-assisting behavior,

which has not been observed in the literature. Moreover, absorber films fabricated from Rb-

treated DAS-capped CIGS nanoparticles show enhanced PL signals, implying better film

quality and reduced non-radiative recombination. Finally in Chapter 7, preliminary results

on the inclusion of Ga grading, a feature of all high-efficiency CIGSe and CIGSSe devices,

on solution-processed nanoparticle-based CIGSSe films is presented.
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3. EFFECTS OF POTASSIUM ON CIGSSE SOLAR CELLS

FABRICATED FROM OLEYLAMINE-CAPPED CIGS

NANOPARTICLES

Part of this chapter is reprinted with permission from E. H. Alruqobah and R. Agrawal,
“Potassium Treatments for Solution-Processed Cu(In, Ga)(S, Se)2 Solar Cells,” ACS Appl.
Energy Mater., vol. 3, no. 5, pp. 4821-4830, 2020. Copyright 2020 American Chemical
Society. DOI:  10.1021/acsaem.0c00422 

3.1 Introduction

As described in Chapter 2, achieving high-efficiency CIGSSe solar cells has required the

use of alkali treatments [ 54 ], [ 83 ], [ 89 ]. Sodium treatment for CIGSSe has been utilized

extensively in improving device performance and efficiency, both in vacuum-based routes

[ 89 ], [ 104 ], and in solution-processing routes [ 47 ], [ 54 ], [ 66 ]. Sodium is known to enhance

the performance of CIGSSe solar cell through passivation of grain boundaries and increased

carrier density [  85 ], [ 89 ], [ 105 ], [ 106 ]. Moreover, If supplied before or during CIGSSe growth,

Na also enhances grain growth of the absorber layer (e.g. when CIGSSe is grown on SLG

substrates) [ 18 ], [ 55 ]. Other alkali such as potassium, lithium, and cesium were thought to

act in a similar manner as sodium [ 79 ], [ 80 ]. However, one of the significant developments in

CIGSSe processing in recent years has been the discovery the effects that heavy alkali (K,

Rb, Cs) post-deposition treatments have in improving the performance of CIGSSe solar cells

[ 12 ], [ 21 ], [ 30 ], [ 75 ]. Chirilă et al. have shown that unlike sodium, potassium added through

a post-deposition treatment modifies the absorber surface by inducing the depletion of Cu

and Ga from the surface and rendering it Cu and Ga poor, thereby enhancing Cd diffusion

into the CIGSSe surface during CdS chemical bath deposition [ 12 ]. This ultimately leads to

an improvement of the junction quality and allows the deposition of a thinner CdS buffer

layer without significant loss of Voc or FF [  12 ]. Moreover, reports in the literature have

observed surface bandgap widening for CIGSSe films subjected to a KF-PDT or NaF/KF-

PDT treatments [ 73 ], [ 93 ]. Pistor et al. have attributed the surface bandgap widening to
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be a result of a Cu-depleted film surface [ 93 ]. However, other reports in the literature have

shown that a high bandgap In2Se3 or KInSe2 surface phase forms on the CIGSe absorbers

subjected to a KF-PDT treatment, and that this surface phase is responsible for the increased

surface bandgap observed in KF-treated CIGSe [  73 ], [ 81 ], [ 92 ], [ 94 ]. The increased surface

bandgap enhances junction quality and reduces interface recombination [ 92 ]. Despite these

very beneficial effects of potassium treatments, they have only been applied to vacuum-based

CIGSSe solar cells, and to the best of our knowledge no report on the systematic use of K

treatments on solution-processed CIGSSe devices is published. Guo et al. used potassium

cyanide treatments on CIGS nanoparticle films prior to selenization to render them Cu-poor

and observed performance improvements [  54 ].

In this chapter, the effects of potassium treatments on solution-processed CIGSSe films

is explored through the use of potassium fluoride as the K source. First, we study the effects

potassium has on the morphology and grain size of the absorber films. Next, we show how

potassium alters the surface chemistry of the CIGSSe absorber film using XPS where it is

found to cause the formation of an additional Se surface state not present in non-treated

films or NaF-only treated films. Finally, the optoelectronic performance of CIGSSe solar

cells in terms of J-V parameters, EQE, and carrier concentration with varying potassium

and/or sodium content is evaluated. We find that, like sodium, potassium enhances the

growth of CIGSSe grains from CIGS and leads to a larger grained film. Additionally, we

find that K-treated films show enhanced optoelectronic performance manifested in higher

open-circuit voltage and fill factor, as compared to non-treated and Na-only treated films.

Post-selenization potassium treatment, as is done on vacuum-based CIGSSe, on solution-

processed nanoparticle-based CIGSSe absorbers is also explored. XPS surface analysis on

a KF post-deposition (selenization) treated CIGSSe film show the presence of the K-In-Se

surface state, and that a PDT is necessary to induce Cu and Ga depletion from the surface.
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3.2 Experimental Section

3.2.1 Cu(In, Ga)S2 Nanoparticle Synthesis

Cu(In, Ga)S2 nanoparticles were synthesized via a solvo-thermal/ hot-injection reaction

of a sulfur solution and Cu,In, and Ga salts, as outlined by McLeod et al and Guo et al.[ 47 ],

[ 54 ]. Briefly, a 1.0 M sulfur (Sigma-Aldrich, 99.99%) in degassed oleylamine (Sigma Aldrich,

reagent grade 70%, ≥ 98% primary amines) solution is prepared in a N2-filled glovebox by

adding sulfur flakes in oleylamine-containing flask which was sealed in the glovebox. The S-

OLA was heated at 65 °C for 1 hour to ensure complete dissolution of sulfur in the oleylamine.

The metals-OLA solution is prepared by adding 1.38 mmol Cu(II) acetylacetonate (Sigma

Aldrich, 99.9%), 1.5 mmol In acetylacetonate (Sigma Aldrich, 99.99%), and 0.45 mmol Ga

acetylacetonate (Sigma Aldrich, 99.99%) to 12 ml of oleylamine in a nitrogen-filled glovebox.

The metals-OLA flask is taken out of the glovebox and preheated to 285 °C under inert argon.

Upon reaching 285ºC, the 1.0 M sulfur-OLA solution is injected into the metal salts-OLA

flask. The reaction was allowed to proceed for 30 minutes at 285 °C under Ar atmosphere.

Following the reaction, the nanoparticles were washed in hexane and alcohols to remove

excess OLA and unreacted precursors. The as-coated Cu(In, Ga)S2 nanoparticle film have

a [Cu]/[In]+[Ga] ratio of 0.92 ± 0.02, and [Ga]/[In]+[Ga] ratio of 0.27 ± 0.01, as measured

by XRF.

3.2.2 Nanoparticle Film Formulation and Alkali Addition

The synthesized Cu(In, Ga)S2 nanoparticles were then suspended in hexanethiol forming

the colloidal nanoparticle ink. The ink was then coated onto Mo-coated soda-lime glass

substrates via blade-coating technique and annealed at 300ºC to evaporate excess organic

material. No intentional Ga grading was applied. Sodium and potassium were supplied by

evaporating NaF (Sigma Aldrich, 99.99%) and KF (Sigma Aldrich, 99.9%) onto the as-coated

sulfide CIGS nanoparticle film, or the as-selenized CIGSSe films, via e-beam evaporation.

No KCN treatment was used.
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3.2.3 Absorber Selenization And Growth

Cu(In, Ga)S2 (CIGS) nanoparticle films were selenized and grown into Cu(In, Ga)(S, Se)2

(CIGSSe) grains in a tubular furnace under a Se-argon atmosphere. The nanoparticle film

is placed in a rectangular graphite box along with Se pellets and annealed at 500 °C for

20 minutes under inert argon. The graphite box was then allowed to cool naturally to

room temperature, also under an argon atmosphere. The selenized CIGSSe films have a

[Cu]/[In]+[Ga] ratio of 0.87 ± 0.02, and [Ga]/[In]+[Ga] ratio of 0.26 ± 0.01, as measured by

XRF.

3.2.4 Solar Cell Fabrication

CIGSSe solar cells were fabricated using the conventional stack SLG/Mo/CIGSSe /CdS/i-

ZnO/ITO/Ni-Al grids. 50 nm thick CdS n-type buffer layer was deposited via chemical-bath

deposition. This is followed by deposition of 80 nm i-ZnO and 220 nm of indium-doped tin

oxide (ITO) TCO layers using radio frequency (RF) sputtering. Devices were finished by

evaporation of Ni-Al grids using e-beam evaporation. Individual cells were isolated via

mechanical scribing, with each cell area having a nominal area of 0.47 cm2. Unless otherwise

stated, all devices shown have 100 nm MgF2 anti-reflective coating deposited via e-beam

evaporation.

3.2.5 Characterizations

Elemental ratios were measured using a Fischerscope XAN 250 X-ray fluorescence in-

strument. Plan-view and cross-sectional scanning electron images were taken using a FEI

Quanta electron microscope under an accelerating voltage of 10 keV. Grain size analysis

and quantification of each alkali condition was conducted on the SEM plan view images by

first identifying individual grains using edge detection in Adobe Photoshop, and then using

ImageJ image processing software [ 107 ] to produce average grain area and grain perimeter
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distributions, as shown by McLeod et al. [ 55 ]. Grain diameters were calculated by assuming

circular grains using the relation [ 55 ]:

GrainDiameter = 4× GrainArea
GrainP erimeter (3.1)

Powder X-ray diffraction data was collected in Bragg-Brentano mode using a Rigaku Smart-

Lab diffractometer with a Cu Kα radiation source. Raman spectroscopy data was collected

using a Horiba/Jobin Yvon HR800 confocal microscope using a 633 nm He:Ne laser with

100x magnification.

X-ray photoelectron spectroscopy (XPS) data was collected on the selenized CIGSSe

films at the Surface Analysis Facility of the Birck Nanotechnology Center, Purdue Uni-

versity using a Kratos AXIS Ultra DLD Imaging X-ray Photoelectron Spectrometer, with

a monochromatic Al Kα (1486.6 eV) radiation and a chamber base pressure of less than

2 × 10−9 Torr. To minimize oxygen surface contamination after selenization, samples were

transferred rapidly from the selenization furnace to a N2-filled glovebox with a transfer time

of less than 1 minute. Samples were then soaked in dilute ammonia solution in the glovebox

to remove excess alkali and alkali fluorides from the surface, after which they were then dried

with nitrogen and vacuum sealed inside the glovebox for transfer to the XPS instrument.

The vacuum seal was broken in an inert glovebox connected to the XPS instrument with

a load-lock chamber through which the samples were loaded into the XPS chamber. XPS

photoelectron peak analysis and fitting was done using CasaXPS software with Voigt profiles

and a linear background. The adventitious carbon C 1s peak is set to 285 eV. Spin-orbit

doublets’ FWHM of respective Voigt profiles are set equal and the peak area is fixed accord-

ing to corresponding |2j + 1| multiplicity of each orbital [ 108 ]. All XPS spectra were area

normalized to the Se 3d peak area of each respective sample.

3.2.6 Solar Cell Characterization

Four-point probe current-voltage (J-V) measurements were conducted under standard

AM1.5 conditions using an Oriel Sol3A solar simulator calibrated to 1000 W/cm2 using an

Oriel 91150 V silicon reference cell. All J-V measurements were conducted at 25 °C using

52



a temperature-controlled stage. J-V data was analyzed according to methods provided by

Hegedus and Shafarman [ 7 ]. External quantum efficiency (EQE) data was taken at zero

bias using an in-house built instrument with a preamplifier and lock-in amplifier for signal

processing with a chopper frequency of 160 Hz. Capacitance-voltage profiling was conducted

using an Agilent 4284A impedance analyzer. Capacitance-voltage data was collected on

completed devices under dark conditions at room temperature at 100 kHz AC frequency and

2 mVRMS.

3.3 Results

To elucidate the effect potassium has on the morphology of the film, nanoparticle films

with no alkali, 10 nm, 20 nm, and 50 nm evaporated KF were selenized at 500 °C for 20

minutes with excess Se, as discussed in the experimental section.

Figure 3.1 shows the SEM plan view and cross-sectional images of the selenized ab-

sorber films with different amounts of evaporated KF prior to selenization, and Figure 3.3(a)

shows the average grain diameter of CIGSSe films selenized with different KF amounts.

The CIGSSe grain size and morphology are affected by the amount of potassium that is

evaporated onto the film with the grain size and coarsened film thickness increase with the

amount of KF added to the film prior to selenization. The plan view images (Figure 3.1,

left column) and average grain diameter (Figure 3.3(a)) show the film grain size gradually

increasing with increasing KF amount. Moreover, a simultaneous decrease of the underlying

‘fine grain’ layer thickness is also observed. Increasing the evaporated KF thickness to 50 nm

shows CIGSSe grains starting to separate into islands, with pinholes between them exposing

the fine grain layer underneath. (Figure 3.1 (g-h)). The fine grain layer is typically observed

for solution-processed CIGSSe and CZTSSe absorber films [  53 ], [ 55 ], [ 66 ], [ 68 ]. The origin of

this layer is primarily due to the carbon leftover from carbon-containing ligands and reagents

that are used during the processing steps prior to selenization [  66 ], [  68 ], [  109 ]–[ 111 ].

The potassium effect on the growth morphology and grain size is similar to what is seen

with sodium in CIGSe[  18 ], [ 54 ], [ 55 ] and in CZTSSe [ 112 ]. To compare the effects between Na

and K treatments, CIGSSe films were selenized with 5 nm, 10 nm, 15 nm, and 30 nm of NaF

evaporated prior to selenization; Figure 3.2 shows the SEM plan-view and cross-sectional
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Figure 3.1. SEM plan-view (a,c,e,g) and cross-sectional (b,d,f,h) images of
Cu(In, Ga)(S, Se)2 films selenized at 500oC for 20 minutes with no alkali addi-
tion (a-b), 10 nm KF (c-d), 20 nm KF (e-f), and 50 nm KF (g-h). Scale bar is
same for all images.

images of those films, while Figure 3.3(b) shows the measured average grain diameter. Films

treated with NaF show larger grain sizes and a thicker coarsened layer than films treated

with a similar thickness of KF; the selenized grain film thickness with 10 nm NaF (Figure

3.3 (b); Figure 3.2 (b),(f)) is larger than in the 10 nm KF film (Figure 3.1 (c), (d); Figure 3.3

(a)). Moreover, the film that was selenized with 30 nm NaF has comparable average grain

size (Figure 3.3 (a), (b)) as the 50 nm KF film with a similar island morphology and pinholes

exposing the carbonaceous fine grain (Figure 3.1 (g,h). For the same evaporated thickness,

NaF is more active than KF in enhancing the grain growth and sintering of CIGSSe films.
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Figure 3.2. SEM plan-view and cross-sectional images of Cu(In, Ga)(S, Se)2
films selenized at 500 °C for 20 minutes with 5 nm NaF (a,e), 10 nm NaF (b,f)
15 nm NaF (c,g), and 30 nm NaF (d,h). Scale bar is the same for all Images.

The higher activity of sodium over heavier alkalies (K, Cs) in enhancing the grain growth

has also been observed in vacuum-based CIGSe grown via co-evaporation [  80 ].

Braunger et al. have proposed that Na enhances growth because it enhances selenium

incorporation in the film [ 113 ]. Sodium is proposed to bind to vapor selenium and forms

a liquid Na2Sex which has a higher sticking coefficient than Se [ 113 ]. Furthermore, Na2Sex

segregates at grain boundaries and will act as a liquid reservoir for selenium during growth

[ 113 ]. Presence of liquid Na2Sex during growth also provides an enhanced medium for el-

emental diffusion, which will assist sintering and grain growth [ 114 ], [ 115 ]. McLeod et al.

have investigated the effect of Na on the growth of CIGSSe films from a CIGS nanoparticle

precursor and have hypothesized than Na present during growth will assist with Cu, In, and

Ga diffusion, which otherwise would be limited, by forming a liquid flux agent in the film

[ 55 ]. As for potassium, no mechanism regarding its ability to impact the grain growth of

CIGSe (CIGSSe) from a nanoparticle film has been reported in the literature. Results in

Figure 3.1 and Figure 3.3 (a) show that the final CIGSSe grain size correlates with how

much K is in the film with a similar trend observed for Na-treated films (Figure 3.3 (b) and

Figure 3.2). Moreover, the same trend was observed for films selenized with both NaF and

KF treatments. Figure 3.4 shows SEM plan-view and cross-sectional images of CIGSSe films
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Figure 3.3. Average grain diameter of CIGSSe films selenized at 500 ºC for
20 minutes with (a) different KF amounts, (b) different NaF amounts, and (c)
with different NaF and KF amounts

treated with both Na and K, while Figure 3.3 (c) shows the average grain diameter. Adding

Na, K, or both assists in the growth and leads to a film with larger grain size. Since similar

effects on the morphology are observed in NaF and KF-treated films, it is likely that K acts

in a comparable mechanism as Na in terms of its effect on the growth of CIGSSe films. Fig-

ure 3.5 (a), (b), and (c) show the PXRD patterns of the selenized films with different alkali

contents; and Figure 3.5 (d) shows the Raman spectra of the films selenized with different

KF amounts. A broad shoulder to the left of CIGSe Raman A1 mode at ∼ 155 cm-1 is

detected for 20 nm KF-treated film, which is characteristic of the ordered defect complex

(ODC). The ODC has lower Cu content than Cu(In, Ga)Se2 chalcopyrite structure [ 66 ], [ 74 ],

[ 116 ].

The surface chemical environment of the selenized Cu(In, Ga)(S, Se)2 films was analyzed

using X-ray photoelectron spectroscopy (XPS). Figure 3.6 shows the XPS data for the Se 3d

core level for CIGSSe films selenized with different thicknesses of alkali fluorides deposited

prior to selenization: without addition of alkali (No Alkali), 15 nm NaF, 10 nm KF, and

20 nm KF. Voigt peak fitting on the Se 3d XPS signal shows the presence of two Se 3d

contributions (Se-1 and Se-2) for all samples. Se-1 and Se-2 signals have been suggested to
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Figure 3.4. SEM plan-view and cross-sectional) images of Cu(In, Ga)(S, Se)2
films selenized at 500 °C for 20 minutes with different NaF + KF combinations
evaporated onto the as-coated film prior to selenization: 10 nm NaF + 10 nm
KF (a-b), 10 nm NaF + 20 nm KF (c-d), 20 nm NaF + 20 nm KF (e-f), 30
nm NaF + 10 nm KF (g-h), and 30 nm NaF + 20 nm KF (i-j). Scale bar is
same for all images.

belong to the CIGSe chalcopyrite chemical environment [ 26 ], [ 73 ], [ 74 ], [ 117 ]. For the sample

selenized with 20 nm KF, we were able to identify an additional minor Se 3d contribution

(Se-3) at lower binding energy than the Se-1 and Se-2; the Se-3 is not observed in either the

No Alkali, 15 nm NaF, or the 10 nm KF samples. This low-binding energy state is observed

in vacuum-grown CIGSe subjected to a KF-PDT, and is attributed to a K-In-Se surface

species [  26 ], [ 73 ], [ 92 ]. Handick et al. have shown that the K-In-Se widens the bandgap at

the absorber surface markedly, and have suggested that this would aid in the passivation of

the CIGSSe/CdS junction and that this surface state is one of the reasons for the increased

performance of films treated with KF-PDT [ 92 ]. Figure 3.7 shows the XPS spectra of Se

LMM-K 2p region. A shoulder on the Se LMM peak is observed on the lower binding energy

side at ∼ 293.7 eV for films selenized with evaporated KF, which is attributed to the K

2p3/2 photoelectron transition; associated Voigt peaks are also shown on Figure 3.7. Despite

observing K on the surface of the 10 nm KF sample through XPS and the enhanced solar

cell performance (see Solar Cell Performance section), we were not able to identify the Se-3

state with certainty in the Se 3d XPS core level spectrum for the 10 nm KF sample.

The indicated alkali amounts show the alkali that was added to the film prior to seleniza-

tion. However, the films are deposited onto Mo-coated soda-lime glass so some Na diffusion
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Figure 3.5. (a), (b), and (c): Powder X-ray diffraction patterns of
Cu(In, Ga)(S, Se)2 selenized at 500 C and 20 minutes with (a) with no alkali
addition, 5 nm KF, 10 nm KF, and 20 nm KF; (b) 5, 10, 15, 30 nm NaF; and
(c) 30 nm NaF+10 nm KF, 10 nm NaF+20 nm KF, 20 nm NaF+20 nm KF,
and 30 nm NaF+20 nm KF. (d): Raman spectra of CIGSSe films selenized at
500 C for 20 minutes with no alkali addition, 5 nm KF, 10 nm KF, and 20 nm
KF. The asterisk in (a), (b), and (c) denotes Mo (110) peak.

from the glass is expected. Figure 3.8 shows the Na 1s XPS transitions. The No Alkali

sample shows the lowest Na 1s peak intensity, with the 15 nm NaF unsurprisingly showing

higher Na 1s intensity. The KF-only films (10 nm KF, 20 nm KF, and 25 nm KF) were not

subjected to any external Na treatment and were selenized at the same temperatures and for

the same duration as the other samples, with the only Na source for the KF-only samples

being the SLG substrate. We would then expect the same amount of Na on the surface for

the No Alkali and KF-only conditions. However, what we found was that the signal intensity

of the Na 1s peak was higher for the 20 nm KF and the 25 nm KF conditions compared to

the No Alkali condition. The fact that the only Na source is the SLG substrate and that
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Figure 3.6. Normalized Se 3d XPS transitions of CIGSSe films selenized at
500 °C for 20 minutes with (a) no alkali added, with (b) 15 nm NaF, (c) with 10
nm KF, and (d) with 20 nm KF. When fitting the Se 3d doublet contribution,
the Se 3d5/2 and 3d3/2 doublet separation was set at 0.86 eV.

the intensity of the Na 1s signal correlates with the amount of KF evaporated on the film

suggests that K aids in the out-diffusion of Na from the glass substrate. Similar behavior

was reported for Li-doped solution-processed CZTSSe films in which films with Li added to

the ink showed more Na diffusion from the glass through an ion-exchange mechanism [  118 ].

Figure 3.9 shows the normalized Cu 2p3/2, In 3d5/2, and Ga 2p3/2 XPS transitions for

CIGSSe films selenized at 500 °C for 20 minutes with various alkali contents. Slight attenua-

tion of the Cu 2p3/2 is observed with samples selenized with alkali fluorides evaporated prior

to selenization (15 nm NaF, 10 nm KF, and 20 nm KF) compared to the No Alkali baseline

condition. However, this attenuation is much less than what is reported in the literature

for CIGSe grown with the 3-stage process where almost complete removal of Cu from the

surface is observed [  12 ], [ 73 ]. Furthermore, a minor attenuation is also observed for Ga for
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Figure 3.7. Normalized Se LMM Auger transition and K 2p photoelectron
transitions of CIGSSe films selenized at 500 °C for 20 minutes with (a) no
alkali added, (b) with 15 nm NaF, (c) with 10 nm KF, and (d) with 20 nm
KF. K 2p doublet separation is set at 2.70 eV. K 2p peak is fitted with a Voigt
profile, while the Se LMM Auger transitions was fitted with an asymmetric
peak.

the 15 nm NaF and 20 nm KF conditions, as shown in the Ga 2p3/2 XPS core level transi-

tion on Figure 3.9. The Ga attenuation is also much less than in KF-PDT CIGSe absorber

films made using the 3-stage process [ 12 ], [ 73 ], [ 74 ]. A post-selenization K treatment may be

necessary to induce Cu and Ga depletion from the surface. Section 3.5 will discuss results

related to post-selenization potassium treatments.

3.4 Solar Cell Performance

Devices were completed for the CIGSSe films that were selenized with the different alkali

contents and the results are tabulated in Table 3.1. Figure 3.10 (a) shows the light J-V
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Figure 3.8. Normalized Na 1s XPS core-level spectra of CIGSSe films sel-
enized at 500 °C for 20 minutes with (a) no alkali added, with (b) 15 nm NaF,
(c) with 10 nm KF, and (d) with 20 nm KF. All spectra are area-normalized
to Se 3d of each respective sample.

Figure 3.9. Cu 2p3/2, In 3d5/2, and Ga 2p3/2 XPS photoemission spectra of
selenized CIGSSe films with no alkali added, 15 nm NaF, 10 nm KF, and 20
nm KF. All spectra are area-normalized to Se 3d of each respective sample.

curves of films that were subjected to a pre-selenization KF treatment only. A significant

increase in power conversion efficiency (p.c.e.) is observed, increasing from 8.8% for the No

Alkali condition to 11.3% with only 10 nm KF, and to 11.2% for the 20 nm KF condition.

The p.c.e. drops to 5.5% for the 50 nm KF condition. The major increase in efficiency is

attributed to significant increase in the open circuit voltage Voc from 0.56 V for the No Alkali

condition to 0.62 V for both 10 nm KF and 20 nm KF condition. Moreover, the 50 nm KF

case exhibited an increased Voc of 0.61 V over the No Alkali condition. We also observed an

increase in the short circuit current density Jsc from 24.3 mA/cm2 for the No Alkali case to

27.6 mA/cm2 and 27.8 mA/cm2 for the 10 nm KF and 20 nm KF cases, respectively; the 50
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nm KF condition also had an increase in Jsc to 27.2 mA/cm2 without a MgF2 anti-reflective

coating. The fill factor showed a slight increase to 66% and 64.8% for the 10 nm KF and

20 nm KF conditions, respectively, compared to 64.4% the No Alkali condition. The drop

in efficiency for the 50 nm KF is due to the significant drop in FF (33.3%). The reason

for the drastic drop in FF for the 50 nm KF case is not entirely clear at this point, but

barrier formation as a result of excess K is suspected. Formation of a barrier for injection

current has been shown to form as a result of KF-PDT [ 119 ]. Moreover, current barrier

formation has also been observed for CIGSe films treated with excess Rb [  75 ], [  120 ], [  121 ].

To further explore the effect of alkali on the performance of nanoparticle-based CIGSSe, we

Figure 3.10. Illuminated J-V curves of champion CIGSSe devices with (a)
different KF amounts, (b) different NaF amounts, and (c) different NaF/KF
combinations. The alkali fluoride thicknesses given correspond to the evap-
orated thickness onto the nanoparticle film prior to selenization. * denotes
samples without MgF2 anti-reflective coating.

also fabricated devices with different NaF treatments prior to selenization. Figure 3.10 (b)

shows the light JV curves for NaF-treated devices. An increase in the p.c.e. is also observed

with Na, but less drastic than KF-treated films, with an increase in the p.c.e. to 9.3% and

10.7% for the 10 nm NaF and 15 nm NaF, respectively. The increase in Voc is more subtle

for the NaF-treated films than the K-treated films, with an increase to 0.59 V for the 15

nm NaF case only. A decrease in FF with increasing NaF thickness is also observed, with

the FF decreasing to 53.1% for the 30 nm NaF case which may be a consequence of the

pinhole film morphology as seen in the SEM plan view images (Figure 3.2 (d)). The results
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above suggest that KF treatments improves the Voc more than NaF treatments, while NaF

treatments are more effective in improving the Jsc.

CIGSSe solar cells were also fabricated with both NaF and KF treatments. Figure 3.10 (c)

shows the light J-V curves for CIGSSe films subjected to both NaF and KF treatments. An

efficiency boost was obtained for the cases of both NaF and KF were evaporated with a p.c.e.

of 12.0% for the case in which 30 nm NaF+10 nm KF were evaporated prior to selenization.

The 10 nm NaF+20 nm KF case also exhibited efficiency increase to 11.6%. Both of these

conditions exhibited significant increases in both the Voc and the Jsc as compared to the No

Alkali case. A significant drop in FF is also observed with increasing alkali content for the

NaF+KF cases, with the FF dropping to 55.7% and 36.7% for the 20 nm NaF+20 nm KF

and the 30 nm NaF+20 nm KF conditions, respectively.

Table 3.1. Average performance parameters for CIGSSe devices selenized with
the different alkali contents. * denotes devices without MgF2 anti-reflective
coating. Values in parentheses indicate parameters for champion devices. All
efficiencies are based on total cell area.

Condition η (%) VOC (V) Jsc (mA/cm2) FF (%)
No Alkali 7.6 (8.8) 0.53 (0.56) 23.8 (24.3) 60.2 (64.4)
10 nm KF 10.1 (11.3) 0.61 (0.62) 25.9 (27.6) 63.6 (66.0)
20 nm KF 10.4 (11.2) 0.61 (0.62) 26.9 (27.8) 63.4 (64.8)
50 nm KF* 5.3 (5.5) 0.61 (0.61) 27.0 (27.2) 32.1 (33.3)
10 nm NaF 9.0 (9.3) 0.56 (0.57) 25.4 (25.6) 62.6 (64.4)
15 nm NaF 9.9 (10.7) 0.57 (0.59) 28.5 (29.2) 57.8 (62.3)
30 nm NaF 6.2 (8.1) 0.43 (0.49) 29.3(31.0) 48.7 (53.1)

30 nm NaF + 10 nm KF 11.3 (12.0) 0.62 (0.62) 28.8 (30.8) 63.5 (62.6)
10 nm NaF + 20 nm KF 11.1 (11.6) 0.62 (0.62) 30.1 (29.6) 59.0 (63.3)
20 nm NaF + 20 nm KF 9.0 (9.5) 0.58 (0.59) 29.0 (28.9) 52.9 (55.7)
30 nm NaF + 20 nm KF 5.3 (6.0) 0.59 (0.59) 26.9 (27.8) 35.0 (36.8)

Series and shunt resistances for champion cells of the different alkali conditions are tab-

ulated in Table 3.2.

Figure 3.11 (a) shows EQE measurements performed at 0 V for KF-only and NaF+KF

conditions, while Figure 3.11 (b) shows EQE measurements for NaF-only conditions. In-

creased EQE response is observed for KF-treated samples compared to the No Alkali baseline

condition. Samples that were subjected to both NaF and KF treatments showed significantly
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Table 3.2. Calculated series resistances and shunt resistances for champion
CIGSSe solar cells selenized with different alkali contents. All parameters are
calculated from the light J-V measurement and are based on total cell area.

Condition RSeries (Ω · cm2) RShunt (kΩ cm2)
No Alkali 0.81 0.22
10 nm KF 0.84 0.34
20 nm KF 1.11 0.33
50 nm KF 0.08 0.25
10 nm NaF 0.97 0.33
15 nm NaF 0.93 0.43
30 nm NaF 1.52 0.24

30 nm NaF + 10 nm KF 1.31 0.53
10 nm NaF + 20 nm KF 1.48 0.31
20 nm NaF + 20 nm KF 1.42 0.39
30 nm NaF + 20 nm KF 1.44 0.16

higher EQE performance than the bare KF and the baseline conditions. Moreover, the cut-

off wavelength in the EQE vs. wavelength plots (Figure 3.11 (a) and Figure 3.11 (b)) is

also altered for the different alkali cases suggesting slightly differing bandgaps between the

different alkali cases. Figure 3.12 shows differential quantum efficiency data for each of the

conditions considered [  122 ]. A slight increase in the estimated effective bandgap is observed

with alkali treated-devices (ca. 1.23 eV for the 10 nm KF condition) compared with the

No Alkali baseline condition (ca. 1.20 eV ). The estimated bandgaps from the differential

quantum efficiency data are tabulated in Table 3.3.

Table 3.3. Estimated effective bandgaps for CIGSSe solar cells with different
alkali contents extracted from of differential EQE data shown in Figure 3.12

Condition Bandgap (eV)
No Alkali 1.2
10 nm KF 1.23
20 nm KF 1.24
10 nm NaF 1.22
15 nm NaF 1.22

30 nm NaF + 10 nm KF 1.22
10 nm NaF + 20 nm KF 1.22
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a) b)

Figure 3.11. EQE measurements of champion CIGSSe devices selenized at
500 °C for 20 minutes with (a) no alkali addition, 10 nm KF, 20 nm KF, 30
nm NaF+10 nm KF, and 10 nm NaF+20 nm KF; (b) 10 nm NaF and 15 nm
NaF.

It is apparent from inspection of EQE data in Figure 3.11 that the decay of EQE in the

vicinity of the bandgap is different for the different alkali conditions considered. Applica-

tion of an Urbach tail model to the EQE data allows characterization of the Urbach Energy

EU [ 122 ], [ 123 ]. The Urbach energy characterizes the magnitude of sub-bandgap absorp-

tion (band-tailing) in the film [ 122 ]. Figure 3.13 shows a plot of ln[-ln(1-EQE)] vs. Energy

applied to EQE data for the different conditions considered; estimated Urbach energies ex-

tracted from the slope of ln[-ln(1-EQE)] vs. Energy plot in the sub-bandgap energy range

are tabulated in Table 3.4. A reduction in band tailing is observed for films treated with

alkali (Na and/or K) compared to the No Alkali baseline condition; EU is reduced from 19.6

meV for the No Alkali case to 13.6-13.8 meV for the NaF and KF treated case. The results

presented in Figure 3.13 and Table 3.4 suggest reduced defect formation and improvements

in the bulk properties of the film as a result of alkali addition. Figure 3.14 (a) shows the

apparent carrier concentration extracted from capacitance-voltage measurements for devices

that were subjected to KF treatments and NaF+KF, while Figure 3.14 (b) shows the appar-

ent carrier concentration for devices subjected to NaF treatment only. Despite the varying

optoelectronic performance enhancements and increases in the open circuit voltage with Na

and K treatments, little change in the absorber carrier concentration was observed. This
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Figure 3.12. Plot of |dEQE/dλ| vs. λ of CIGSSe solar Cells selenized with
(a) KF only, (b) NaF only, and (c) NaF + KF.

agrees with multiple reports in the literature where the carrier concentration of solution-

processed CISe [ 102 ], [ 124 ], and CIGSSe [ 54 ] is not influenced appreciably by Na. However,

for vacuum-based CIGSe, increases in carrier concentration with Na and K treatments is

widely reported [ 89 ], [  95 ], [  119 ].

3.5 Post Selenization Potassium Treatments

One of the beneficial effects of KF-PDT in vacuum-based CIGSe is that it induces the

surface depletion of Ga and Cu [  12 ]. This facilitates Cd diffusion into the CIGSSe film

during CdS chemical bath deposition, and in practice allows a thinner CdS layer [ 12 ], [  26 ].

During the chemical bath deposition of CdS onto a CIGSSe film, Cd diffuses into the CIGSSe

surface and occupies VCu causing a type-inversion in the surface from p-type into n-type thus

forming a buried homojunction (with the n-type CdS); CdCu defects are donor type [ 12 ]. In

the previous sections, it was shown that the CIGSSe films that were selenized with KF-

evaporated prior to selenization (Figure 3.9), the attenuation in Cu (10 nm KF and 20 nm
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Figure 3.13. Plot of ln[-ln(1-EQE)] vs. E-Eg for CIGSSe solar cells sel-
enized with (a) different KF and NaF+KF thicknesses, and (b) different NaF
thicknesses.

Table 3.4. Urbach tail energy extracted from Figure 3.11 for CIGSSe solar
cells selenized with different alkali contents.

Condition EU (meV)
No Alkali 19.6
10 nm KF 18.8
20 nm KF 15.5
10 nm NaF 15.9
15 nm NaF 17.1

30 nm NaF + 10 nm KF 13.8
10 nm NaF + 20 nm KF 13.6

KF conditions), and with Ga (20 nm KF condition) is significantly less than what is seen

for CIGSe films grown with the three-stage process and subjected to a KF PDT [ 12 ], [ 73 ];

in vacuum-based CIGSSe, potassium treatments are typically done after film formation and

growth through a post-deposition treatment at 250-350 °C under Se atmosphere [  12 ], [  26 ],

[ 74 ], [ 75 ]. A potassium post-deposition treatment may be a necessary condition to induce

Ga and/or Cu surface depletion.

To investigate if this is the case, a number of CIGSSe devices were fabricated: The first

is a CIGSSe film that was selenized twice at 500 °C for 20 minutes, with no external alkali
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Figure 3.14. Apparent carrier concentration vs. width from capacitance-
voltage measurements of CIGSSe devices selenized with (a) different KF thick-
nesses and different NaF+KF thicknesses; (b) different NaF thicknesses. Tab-
ulated Ncv values are taken at the minimum of each Ncv-Width curve, and the
Width is taken at the 0 V point.

treatment in either selenizations (2x CIGSSe); this will be the control sample. the second is a

CIGSSe film that was first selenized without external alkali treatment (500 °C, 20 minutes),

and then had 20 nm KF evaporated on it via e-beam evaporation, and then selenized again

for 20 minutes at 500 °C (KF 2x CIGSSe). The third is a CIGSSe film selenized at 500 °C for

20 minutes without external alkali, and then underwent a 20 nm KF-evaporation via e-beam

followed by annealing the film at 300 °C under a Se atmosphere (20 nm KF PDT). The

fourth is a CIGSSe film selenized at 500 °C for 20 minutes without 10 nm NaF evaporated

before selenization, and then underwent a 20 nm KF-evaporation via e-beam followed by

annealing the film at 300 °C under a Se atmosphere (10 nm NaF + 20 nm KF PDT). Table

3.5 summarizes the selenization conditions for the four films. It is worth noting that the

post-selenization treatment conditions discussed here are not optimized for optimal device

performance. The main goal of this section was to determine if a post-selenization (PDT)

treatment is a necessary condition to induce the Cu and Ga surface depletion effects. The

consequence of having a Cu-depleted surface is allowing a thin CdS layer to be deposited
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with sacrificing VOC or FF, while benefiting from increased light absorption in the CIGSSe

film, as discussed in Chapter 2.

Table 3.5. Summary of CIGSSe Selenization Conditions with Post-
Selenization Treatments. After the First Stage Annealing, the film is naturally
cooled to room temperature under inert Ar atmosphere. In both stages, the
films are annealed in a Se-rich atmosphere.

CIGSSe Film First Stage Annealing Second Stage Annealing
Alkali
Amount

Conditions Alkali
Amount

Conditions

2x CIGSSe No Alkali 500 °C, 20
minutes

No Alkali 500 °C, 20
minutes

KF 2x CIGSSe No Alkali 500 °C, 20
minutes

20 nm KF,
e-beam

500 °C, 20
minutes

20 nm KF PDT No Alkali 500 °C, 20
minutes

20 nm KF,
e-beam

300 °C, 20
minutes

10 nm NaF + 20
nm KF PDT

10 nm NaF,
e-beam

500 °C, 20
minutes

20 nm KF,
e-beam

300 °C, 20
minutes

To investigate the effects the conditions shown in Table 3.5 have on the CIGSSe film

morphology, SEM imaging on the films after the alkali post-annealing. Figure 3.15 shows

SEM plan view and cross-sectional images for the KF 2x CIGSSe, 20 nm KF PDT, and 10

nm NaF + 20 nm KF PDT films. All films are characterized by the bilayer morphology seen

with selenization of oleylamine-containing nanoparticles, with coarsened film on the surface,

and a fine-grain layer at the bottom. The overall grain size is largest for the 10 nm NaF +

20 nm KF PDT, followed by the KF 2x CIGSSe and the 20 nm KF PDT. The reason for

the differences in grain size in the 10 nm NaF + 20 nm KF PDT film is attributed to the

Na present during the first stage (Table 3.5). Furthermore, the KF 2x CIGSSe film showed

markedly larger grain sizes than the 20 nm KF PDT film (Figure 3.15 (a),(d) and (b),(e)),

even though both films underwent the same first stage annealing (500 °C. 20 minutes, no

external alkali). This result suggests that during the second stage, the KF 2x CIGSSe film

did undergo further grain growth at 500 °C, 20 minutes, whereas the 20 nm KF PDT film

underwent the second stage at a significantly lower temperature.
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Figure 3.15. SEM plan view (a)-(c) and cross-sectional (d)-(f) images of the
CIGSSe films given in Table 3.5: (a),(d) KF 2x CIGSSe; (b),(e) 20 nm KF
PDT; and (c),(f) 10 nm NaF + 20 nm KF PDT. Scale bar is same for all
images.

Figure 3.16 shows the Cu 2p3/2, Ga 2p3/2, and Na 1s XPS core level spectra for the KF

2x CIGSSe, 20 nm KF PDT, and the 10 nm NaF + 20 nm KF PDT films; for comparison,

the XPS core level spectra of the No Alkali baseline condition film shown in Figures 3.8 and

3.9 is also included in Figure 3.5. Taking the No Alkali case as a control sample, a slight

attenuation in the Cu 2p3/2 peak intensity is observed for the KF 2x CIGSSe sample, which

is similar to the attenuation observed in the 20 nm KF film shown in Figure 3.9. Moreover,

the Ga 2p3/2 signal is also slightly attenuated with respect to the No Alkali film; the amount

of attenuation is also similar to the 20 nm KF sample in Figure 3.9. As for the 20 nm KF

PDT film, a significant attenuation in both Cu 2p3/2 and Ga 2p3/2 XPS signal is observed,

which is consistent with reports in the literature regarding CIGSe films that undergo a KF-

PDT process [ 26 ], [ 73 ], [ 74 ], [ 125 ]. A similar observation can also be seen for the 10 nm NaF

+ 20 nm KF PDT sample, which is also characterized by an attenuated Cu 2p3/2 and Ga

2p3/2 XPS signals.
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XPS is a surface analysis technique, and the spectra shown in Figure 3.16 represent the

film surface. However, XPS does not provide information on the bulk, i.e. the Cu and Ga

signal attenuation may be a result of the bulk of the film being depleted of Cu and Ga, not

just the surface. To determine if that is the case, the elemental composition in the bulk of

the PDT films is measured using XRF, and the CGI and GGI ratios were 0.86 and 0.26 ±

0.002, respectively; the CGI and GGI ratios of the nanoparticle films prior to the first stage

annealing were 0.92 ± 0.02, and 0.27 ± 0.01, respectively. This indicates that the Cu and Ga

depletion observed in the XPS spectra are representative of the surface only, and that the

bulk of the film is not affected. The aforementioned results suggest that to obtain a surface

depletion of Cu (needed for thinning the CdS layer [ 12 ], [ 26 ]), a potassium post-selenization

treatment at low temperature, e.g. 300 °C, is necessary.

Figure 3.16 (c) shows the Na 1s XPS core level spectra for the KF 2x CIGSSe, 20 nm

KF PDT, and the 10 nm NaF + 20 nm KF PDT films, along with the No Alkali film for

reference. The Na 1s peak intensity for the KF 2x CIGSSe film is comparable to the No

Alkali baseline condition indicating that the amount of Na on the surface of both films is

comparable. Films that were subjected to a post selenization potassium treatments, i.e.,

films that were annealed at 300 °C after their K treatment, showed no detectable Na on the

surface. This is in contrast to films that were treated with K prior to selenization (Figure

3.8). In Section 3.4 and in Figure 3.8, it was argued that addition of K prior to selenization

causes more Na to diffuse from the SLG substrate during selenization at 500 °C, and that the

amount of Na on the selenized film surface commensurate with the amount of K evaporated

on the nanoparticle film prior to selenization. However, this is not the case for the PDT

films where even the film that was selenized with 10 nm NaF evaporated prior to the first

stage annealing showed no Na on the surface. The reason for this behavior may be due to

the phase that K forms with In and Se on the surface, and that the low temperature at

which the PDT films are annealed at compared to the selenization temperature (300 °C vs.

500 °C) decreases the Na diffusion towards the surface. Three-stage co-evaporated CIGSe

films that undergo a KF PDT process also show minimal Na on the surface [ 74 ].

Figure 3.17 (a) shows the In 3d5/2 XPS core level spectra for the films shown in Table

3.5. A surface enrichment of In is observed the PDT films (20 nm KF PDT and 10 nm NaF

71



Figure 3.16. Elemental XPS core level spectra for 2x CIGSSe, 20 nm KF
PDT, 10 nm NaF + 20 nm KF PDT CIGSSe films. (a) Cu 2p3/2, (b) Ga 2p3/2,
and (c) Na 1s. The Na 1s spectra for the different films are shifted for clarity.
The XPS spectra for the No Alkali CIGSSe film is also provided for reference.
All spectra are normalized to the Se 3d peak area of each respective sample.

+ 20 nm KF PDT), compared to the KF 2x CIGSSe and the No Alkali condition baseline

condition, which is attributed to the Ga depletion observed for the PDT films. Moreover,

for both of the PDT samples, a shift towards higher binding energies in the In 3d5/2 peak

position can also be observed, with the peak shape skewed indicating the presence of more

than one In state on the surface. Voigt peak fitting on the In 3d5/2 for the 20 nm KF PDT

and 10 nm NaF + 20 nm KF PDT films show that the In 3d5/2 XPS core level spectrum

is composed of two peaks: In-1 and In-2, as shown in Figure 3.17 (a). In-1 is present in all

four films shown in Figure 3.17, and is attributed to the indium in the chalcopyrite chemical

environment [ 74 ]. The additional In-2 peak present in the PDT films is attributed to the

formation of an In-oxide species on the surface of the film. Nicoara et al. have shown that

K or KF post-deposition treatment induces rapid oxidation of co-evaporated CIGSe surface

forming a stable InxOy on the surface of the film, and that further oxidation of the surface

is not sensitive to air exposure time [  125 ]. To further confirm the presence of an In-oxide

species on the surface of the PDT films, Figure 3.17 (b) shows the O 1s XPS core level

spectra for the films described in Table 3.5. All films have oxygen signals at ∼ 531.5 - 533

eV binding energies, which is attributed to organics [ 74 ], [ 126 ]. The PDT films also exhibit
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an additional oxygen peak at ∼ 530 eV, which is indicative of a metal-oxide species [ 74 ]. The

intensity of the metal-oxide XPS peak commensurate with the intensity of the In-2 peaks

observed in Figure 3.17 (a), that is, the 20 nm KF PDT has the strongest intensity in both

the In-2 and the metal oxide peaks. These two observations combined further confirm that

the In-2 peak observed is due to an In-oxide species.

Figure 3.17. Elemental XPS core level spectra for 2x CIGSSe, 20 nm KF
PDT, 10 nm NaF + 20 nm KF PDT CIGSSe films. (a) In 3d5/2 and (b) O 1s.
The XPS spectra for the No Alkali CIGSSe film is also provided for reference.
All spectra are normalized to the Se 3d peak area of each respective sample.

Figure 3.18 shows the Se 3d XPS core level spectra for the KF 2x CIGSSe, 20 nm KF

PDT, and the 10 nm NaF + 20 nm KF PDT films, along with Voigt peak fitting. All

three films show the presence of three Se states (three doublets), similar to CIGSe film that

was subjected to 20 nm KF prior to selenization shown in Figure 3.6, with Se-1 and Se-2

attributed to Se in the chalcopyrite chemical environment [ 26 ], [  117 ], and the low-binding

energy Se-3 state attributed to the K-In-Se phase [ 26 ], [  73 ], [  81 ].
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Figure 3.18. Se 3d XPS core level spectra along with fitted Voigt peaks for
(a) 2x CIGSSe, (b) 20 nm KF PDT, and (c) 10 nm NaF + 20 nm KF PDT
CIGSSe films. All spectra are normalized to Se 3d peak area.

3.5.1 K-PDT Device Performance

CIGSSe devices were fabricated with the CIGSSe films subjected to the conditions shown

in Table 3.5 using the standard Mo/CIGSSe/CdS(50 nm)/i-ZnO(80 nm)/ITO(220 nm)/Ni-

Al, with the illuminated J-V curves shown in Figure 3.19, and performance parameters

summarized in Table 3.6. No MgF2 anti-reflective coating is applied to any of the films.

The 2x CIGSSe device, selenized twice without alkali addition in either selenization, had

a p.c.e. of 8.81%, which is expected for a solution-processed CIGSSe device selenized without

any external alkali addition. On the other hand, the films that had KF evaporated onto them

showed poorer performance, characterized mainly by a much lower fill factor. The KF 2x

CIGSSe had comparable VOC and Jsc to the 2x CIGSSe film, but much lower FF. The PDT

samples (20 nm KF PDT and 10 nm NaF + 20 nm KF PDT) performed poorly, with η

around 4.5-5%, and are characterized by much lowerJsc, compared to both non-PDT films.

The post-selenization CIGSSe devices represent preliminary and un-optimized PDT con-

ditions for the nanoparticle-based CIGSSe devices. Further optimization is required, espe-

cially as KF-PDT effects on CIGSSe device performance is known to be extremely sensitive

to the conditions at which the treatment is done [ 74 ], [ 96 ]. This remains an area of future

study.
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Figure 3.19. Illuminated J-V curves for champion CIGSSe devices selenized
according to conditions given in Table 3.5. All devices are measured without
MgF2 anti-reflective coating.

3.6 Conclusion

In this work, the effect of pre-selenization alkali treatments on nanoparticle-based solution-

processed CIGSSe solar cells was investigated. It was determined that both sodium and

potassium enhance CIGSSe grain growth and lead to an increase in coarsened film thickness

and a thinner fine-grain material. Additionally, through the use of XPS surface analysis, the

presence of an additional Se chemical state at low binding energies was observed for CIGSSe

film that had 20 nm KF deposited on prior to selenization, and the film that had undergone

a KF post-selenization treatment. This additional Se state is attributed to a K-In-Se surface

phase commonly seen in films grown via the 3-stage process and subjected to a KF-PDT.

On the other hand, surface Ga and Cu depletion commonly seen in vacuum-based CIGSe

films with KF PDT was not observed in films that were selenized with KF added a priori,

and that a post-selenization potassium treatment, with annealing at low temperatures (∼

300 °C) is a necessary condition to induce Cu and Ga surface depletion.
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Table 3.6. Performance parameters for champion CIGSSe devices selenized
with conditions given in Table 3.5. All parameters are measured without a
MgF2 anti-reflective coating, and are based on total cell area (0.47 cm2, nom-
inal).

CIGSSe Film η (%) VOC (V) Jsc (mA/cm2) FF (%)
2x CIGSSe 8.81 0.55 25.3 63.2

KF 2x CIGSSe 6.54 0.54 25.1 48.2
20 nm KF PDT 4.44 0.43 20.7 49.8

10 nm NaF + 20 nm KF PDT 4.92 0.57 20.4 42.4

CIGSSe solar cell optoelectronic performance was found to be significantly enhanced

with KF-treatments, with the performance increases being mainly in the open circuit volt-

age, and to lesser degree in the short-circuit current. Likewise, we also found the Na also

enhances CIGSSe device performance by mainly enhancing the short circuit current density.

Evaporating both NaF and KF on the as-coated CIGS nanoparticle film, we were able to

enhance the performance of CIGSSe solar cell by increasing the power conversion efficiency

from 8.8% to 12.0%. In contrast with vacuum-based CIGSe devices, we observed little or no

change in the carrier concentration with respect to alkali content in the film. These results

demonstrate that KF-treatments and NaF + KF treatments provide an avenue to enhancing

the optoelectronic performance of solution-processed CIGSSe solar cells.
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4. MORPHOLOGICAL AND EFFECTS OF POTASSIUM

CYANIDE TREATMENTS ON NANOPARTICLE-BASED

CIGSSE FILMS

4.1 Introduction

In Chapter 3, the effect of potassium on nanoparticle-based CIGSSe films and devices was

analyzed in terms of grain morphology, surface chemistry, and optoelectronic performance.

In this chapter, effects of potassium cyanide treatments on the CIGSSe films is presented.

Similarly to the Chapter 3, the CIGSSe films analyzed in this chapter are selenized from

OLA-capped CIGS nanoparticle films.

Potassium cyanide treatments have been used widely in CIGSe and CIGSSe processing,

both in vacuum-based [ 14 ] and in solution-processed films [ 47 ], [ 54 ]. The main action of

KCN treatments on CIGSe (CIGSSe) films is to etch binary Cu2Sex that formed during

CIGSSe film growth. During CIGSe film growth, formation of Cu2Sex , along with α-phase

Cu(In, Ga)Se2, is thermodynamically favorable when the Cu content is close to stoichiom-

etry. A Cu-poor film is needed to obtain phase-pure α-Cu(In, Ga)Se2 [ 19 ]. However, the

development of the three-stage process and the use of Cu-poor stoichiometry has made

KCN treatments redundant for vacuum-based CIGSe (CIGSSe). As for solution-processed

nanoparticle-based CIGSSe, Guo et al. treated the precursor sulfide CIGS nanoparticle films

(synthesized with stoichiometric elemental ratios) with KCN on the as-coated film prior to se-

lenization to remove binaries and render the films Cu-poor; performance enhancements were

observed with devices that were subsequently made from KCN-treated nanoparticle films

[ 54 ]. The enhanced device performance of the KCN-treated films was attributed to the Cu

deficiency caused by the KCN treatment, and thus the thermodynamics of the selenization

reaction is shifted away from the formation of binary Cu2Sex [ 54 ]. However, McLeod et al.

have observed performance enhancements due to KCN treatments with sulfide nanoparticles

that were synthesized Cu-poor ([Cu]/[In]+[Ga] = 0.89) [ 47 ], [ 127 ]. Despite those improve-

ments in solution-processed CIGSe (CIGSSe) films and devices with KCN treatments, the
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specific effects of KCN on the growth and performance of CIGSSe devices selenized from

sulfide CIGS nanoparticles is not clear from the available literature. In this section, the

action of KCN is investigated further to ascertain the specific effects of KCN, and whether

it is needed in nanoparticle-based CIGSSe devices.

4.2 Experimental

OLA-capped CIGS nanoparticle films were coated using Cu-poor CIGS nanoparticles

([Cu]/[In]+[Ga] = 0.92) for a total of two coating passes, followed by annealing at 300 °C for

1 minute after each pass, as described in the experimental section. After each film anneal, the

nanoparticle film was soaked in a KCN solution. Three different KCN solution concentrations

were tested: 0.25 M, 0.5 M, and 1.0 M. For each concentration, three different etching

durations were tested: 1 minute, 2 minutes, and 5 minutes. Furthermore, an additional

nanoparticle film was etched with KCN (0.5 M, 2 minutes) and subsequently treated with

10 nm KF evaporated via e-beam (KCN + 10 nm KF); both treatments were done on the

nanoparticle film prior to selenization.

Unless otherwise noted, selenization was conducted in a tubular furnace at 500 °C for 20

minutes. CIGSSe devices were fabricated using similar methods as in Chapter 3. No MgF2

anti-reflective coating was applied.

Raman spectroscopy data was collected at room temperature using a Horiba/Jobin Yvon

HR800 confocal microscope (633 nm laser excitation, 50x objective lens). Elemental compo-

sitions were measured via X-ray fluorescence using a Fischerscope XAN-250 XRF.

4.3 Results

Figure 4.1 (a) and (b) show the CGI and GGI ratios, respectively, of the CIGS nanoparti-

cle films subjected to the KCN treatments at different solution concentrations and for differ-

ent durations. The CGI ratio decreases 13-16% from 0.9 in the as-coated CIGS nanoparticle

film to 0.75-0.78 after the KCN treatment. Further, the amount of decrease in the Cu-ratio

does not differ appreciably when higher concentrations and/or longer duration KCN etchings

are used, e.g. the CGI ratio is 0.78 ± 0.01 and 0.73 ± 0.01 for the 0.25 M1/1 minute and 1.0
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Figure 4.1. Elemental ratios of OLA-capped CIGS nanoparticle films soaked
in a KCN solutions at different concentrations and for different durations,
as measured by XRF. (a) [Cu]/[In]+[Ga] in CIGS nanoparticle film, (b)
[Ga]/[In]+[Ga] in CIGS nanoparticle film, (c) [Cu]/[In]+[Ga] in selenized
CIGSe film, and (d) [Ga]/[In]+[Ga] selenized CIGSe film.

M/5 minute conditions, respectively, whereas it the CGI ratio decreases from 0.9 ± 0.01 to

0.78 ±0.01 for the 0.25 M/1 minute condition.. The Ga amount in the film is also affected

with KCN etching, with the GGI ratio decreasing from 0.3 in the as-coated nanoparticle

film to 0.22-0.24 after KCN treatments. Figure 4.1 (c) and (d) shows the CGI and GGI

ratios, respectively, after the selenization of the nanoparticle film at 500 C for 20 minutes in

a tubular furnace.

Figure 4.2 (a), (b), and (c) show the Raman spectra of selenized CIGSSe films (500 °C,

20 minutes) from KCN-treated nanoparticle films. All films show characteristic chalcopyrite

CIGSe peaks at 176-178 cm-1 [ 66 ], [ 116 ]. Moreover, a prominent peak at ca. 155 cm-1 is
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Figure 4.2. Raman spectra of CIGSSe films selenized from OLA-capped CIGS
nanoparticle films (500 °C, 20 minutes) subjected to KCN solution soak prior
to selenization: (a) 0.25 M KCN solution, (b) 0.5 M KCN solution, and (c) 1.0
M KCN solution. Raman spectra of an untreated CIGSSe film (selenized at
the same conditions) is include in (a) for comparison.

observed for all KCN-etched samples, but not for the untreated film; this peak is attributed to

the low-Cu ordered-defect-complex (ODC), which is a low Cu defect phase of the chalcopyrite

lattice; this phase is observed for CIGSSe films with CGI ratios ≤ 0.80, further confirming

the low CGI ratios obtained from XRF measurements (Figure 4.1) [ 26 ], [ 66 ], [ 74 ], [ 116 ]. The

presence of both the CIGSe A1 (ca. 178 cm-1) and the ODC (ca. 155 cm-1) peak suggests that

the CIGSSe film is composed of a mixture of two phases: the chalcopyrite α-Cu(In, Ga)Se2

phase and the defect chalcopyrite β-Cu(In, Ga)3Se5 phase [  116 ].

Figure 4.3, 4.4, and 4.5 show the SEM plan-view and cross-sectional images of the se-

lenized CIGSSe films. All films show grain morphology composed of faceted grains, with

a bi-layer grain/fine-grain cross-section. Furthermore, an apparent increase in the grain

size is also observed when going from low-concentration/short-duration treatments to high

concentration/long-duration treatments. The main action of KCN in nanoparticle-based

CIGSSe films was attributed to the Cu-etching of the film leading to a Cu-poor stoichiom-

etry [  47 ], [ 54 ]. However, combined with the results from Chapter 3 on the effect of KF

on CIGSSe grain growth, it is reasonable to conclude that KCN treatments also enable

alkali-assisted growth via K doping.
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Figure 4.3. (a)-(c) Plan-view and (d)-(f) cross-sectional SEM images of
CIGSSe films selenized from CIGS nanoparticle films subjected to a 0.25 M
KCN treatment post-annealing for (a),(d) 1 minute; (b),(e) 2 minutes; and
(c),(f) 5 minutes. Scale bar is same for all images.

4.3.1 Device Performance

CIGSSe devices were fabricated from the KCN-treated (0.5 M, 2 minutes) nanoparticle

films and the results are summarized in Table 4.1 and Figure 4.6. Device parameters and

illuminated J-V plots for The No Alkali baseline condition and the 10 nm KF, which was

shown in Table 3.1 and Figure 3.10 (a) above, are also tabulated in Table 4.1 and plotted

in Figure 4.6 for comparison; note that the data for the No Alkali and 10 nm KF case in

Table 4.1 and Figure 4.6 are measured without MgF2 anti-reflective coating. The device

that was treated with KCN with no other alkali treatment shows significant performance

enhancement over the untreated No Alkali baseline condition with an increase in the p.c.e.

from 7.4% to 9.8% for the No Alkali and KCN-treated devices, respectively. The VOC,

Jsc,and FF all have increased markedly as a result of the KCN-treatment. Treating the

KCN-treated nanoparticle film with 10 nm KF evaporated through e-beam on the as-coated

film (after etching in 0.5 M KCN, 2 minutes) results in a slight increase in efficiency to 10.2%,

and an increase in Jscof 1.7 mA/cm2 over the KCN-only case. The slight increase in Jsc over

the KCN-only case is likely due enhanced grain growth during selenization caused by the
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Figure 4.4. (a)-(c) Plan-view and (d)-(f) cross-sectional SEM images of
CIGSSe films selenized from CIGS nanoparticle films subjected to a 0.5 M
KCN treatment post-annealing for (a),(d) 1 minute; (b),(e) 2 minutes; and
(c),(f) 5 minutes. Scale bar is same for all images.

additional KF. The performance enhancements realized by KCN-etching may be attributed

to potassium treatment of the film.

In Table 4.2, the series and shunt resistances of the KCN-treated devices are tabulated,

along with 10 nm KF and No Alkali devices (measured without MgF2). KCN-treated devices

have significantly higher shunt resistances over the non-treated devices, including the devices

treated with KF only; ca. an order of magnitude increase in shunt resistance is observed

for devices that had undergone KCN treatments, compared to the untreated devices, or the

devices that were treated with KF only.

Table 4.1. Device Parameters of CIGSSe devices selenized from KCN-treated
nanoparticle films. Also included are device parameter for the No Alkali base-
line condition. All devices were measured without MgF2 anti-reflective coating.

Condition η (%) VOC (V) Jsc (mA/cm2) FF (%)
No Alkali 7.4 0.55 21.5 62.3
10 nm KF 10.6 0.61 26.0 66.7

0.5 M, 2 min KCN 9.8 0.60 24.1 68.1
0.5 M, 2 min KCN + 10 nm KF 10.2 0.60 25.8 66.3
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Figure 4.5. (a)-(c) Plan-view and (d)-(f) cross-sectional SEM images of
CIGSSe films selenized from CIGS nanoparticle films subjected to a 1.0 M
KCN treatment post-annealing for (a),(d) 1 minute; (b),(e) 2 minutes; and
(c),(f) 5 minutes. Scale bar is same for all images.

Table 4.2. Calculated series resistances, shunt resistances, and reverse satu-
ration currents for CIGSSe solar cells selenized with different alkali contents.
All parameters are calculated from the dark J-V measurements and are based
on total cell area.

Condition RSeries (Ω · cm2) RShunt (kΩ · cm2) J0 (mA/cm2)
No Alkali 0.81 0.34 2.7× 10−5

10 nm KF 0.81 0.47 7.1× 10−6

0.5 M, 2 min KCN 1.20 9.04 5.3× 10−6

0.5 M, 2 min KCN + 10 nm KF 1.56 2.90 3.2× 10−5

4.4 Discussion

The aforementioned results suggest that potassium treatment alone does not explain the

marked increase in shunt resistance gained by KCN, and that another mechanism may be

responsible. Binary Cu2Sex may be the culprit for the low shunt resistances of the devices

that are not treated with KCN. The presence of Cu2Sex will introduce shunting as it is

significantly more conductive than chalcopyrite CIGSe (CIGSSe) [  18 ]. The existence region

of α-CuInSe2 is relatively narrow, and obtaining a pure-phase α-CISe requires a Cu-poor

film [ 19 ]. When the Cu-content is close to stoichiometry, phase segregation into α-CuInSe2
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Figure 4.6. Illuminated J-V plots CIGSSe devices selenized at 500 °C for 20
minutes from KCN-treated CIGS nanoparticle films. Also included is the illu-
minated J-V for the No Alkali baseline condition. All J-V plots are measured
without MgF2 anti-reflective coating.

and Cu2Se is thermodynamically favorable [  19 ]. Even though the precursor nanoparticles

were synthesized Cu-poor and the selenization is conducted on a Cu-poor nanoparticle film,

some copper selenides may have formed during selenization. CIGS nanoparticle selenization

and growth begins with metal diffusion from the nanoparticle film bulk to the surface, where

nucleation and subsequent growth begins at the free interface [ 55 ]. Cu diffusion within the

nanoparticle film is faster than both In and Ga [ 18 ], [ 55 ], thus leading to the formation of

local Cu-rich regions where formation of Cu-Se binaries is favorable. In Figure 4.7, a STEM-

EDS analysis of a selenized CIGSSe film from a Cu-poor OLA-capped CIGS nanoparticle

film (CGI = 0.92 by XRF) shows that the carbonaceous fine grain layer contains a significant

amount of Cu, along with carbon and Se, and minimal amounts of In and Ga. This suggests

that during selenization, some Cu is selectively rejected to the fine grain layer, along with

carbon and selenium. The rejected Cu is likely in the form of binary Cu-Se compounds

[ 57 ]. Some of the originally formed Cu-Se binaries may still be present on grain boundaries,

and contribute to shunting. Treating the Cu-poor CIGS nanoparticle film with KCN prior

to selenization reduces the Cu content more, and shifts the selenization further away from
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the α-CuInSe2 and Cu2Se two-phase region in the phase diagram [ 19 ]. The presence of

Cu in the fine grain layer is known to occur for solution-processed CIGSSe fabricated from

nanoparticles or molecular precursors [ 57 ], [  128 ].

Figure 4.7. HAADF image on a FIB-obtained cross-section of a CIGSSe
film selenized oleylamine-capped at 550 °C for 15 minutes, along with Cu at%
obtained through STEM EDS data. FIB film ablation and STEM imaging was
conducted at Brookhaven National Lab.

4.5 Conclusion

In this chapter, the effect of potassium cyanide on the morphology and device performance

of CIGSSe devices fabricated from OLA-capped CIGS nanoparticles. It was found that the

KCN treatments, applied on the as-coated CIGS nanoparticle films prior to selenization,

induce selective Cu and Ga etching leading to a Cu and Ga poor films.

Raman spectra on the selenized films show the presence of a peak at ca. 155 cm-1, which

is attributed to the ODC Cu-poor phase. This suggests that the selenized CIGSSe films

are composed of a mixture of two phases: chalcopyrite α-Cu(In, Ga)Se2 and Cu-poor β-

Cu(In, Ga)3Se5. The beta ODC phase formed due to the low [Cu]/[In]+[Ga] ratio of the film

induced by the KCN treatments. Moreover, increases in grain size is also observed for films

treated with KCN, and that the higher concentration KCN treatments results in larger grains,
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suggesting that KCN-treatments contribute growth-assisted behavior of CIGSSe films, most

likely by K inclusion in the film. Devices fabricated from the KCN-treated films show

significant performance enhancements, compared to the untreated case, with increases in

Voc, JSC, and FF.
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5. INVESTIGATIONS INTO SELENIZATION AND GROWTH

OF LOW-CARBON DAS-CAPPED CIGS NANOPARTICLE

FILMS

5.1 Introduction

In CIGSSe processing, the selenization and grain growth step is arguably the most im-

portant step in the fabrication of CIGSSe absorbers and devices. Careful control of this

process is crucial for higher quality films [ 22 ], [  55 ].

McLeod et al. have studied the growth of CIGSSe films selenized from a oleylamine-

capped sulfide CIGS nanoparticle precursor film [ 55 ]. Starting with a sulfide Cu(In, Ga)S2

nanoparticle film, the selenization is a two-step process the first of which is the conversion of

Cu(In, Ga)S2 into Cu(In, Ga)(S, Se)2, and the second is the growth of the CIGSSe film. The

grain growth proceeds by the diffusion of metals towards the film surface, which can act as a

free interface for nucleation, and combines with selenium forming the initial CIGSSe nuclei

[ 55 ]. The grain growth proceeds towards the back of the film as a growth front consuming

metals in the nanoparticle film. Moreover, McLeod et al. have found that when selenization

is conducted without external alkali (Na and/or K), the grain growth will stagnate upon

reaching a certain thickness, and have attributed that to carbon impurities accumulating

between the nanoparticles, impeding the growth and hindering elemental diffusion [  55 ].

As discussed in Chapter 1, selenized films of oleylamine-capped nanoparticles, both

CIGSSe and CZTSSe, will result in a bi-layer morphology consisting of a coarsened top

layer and ’fine grain’ bottom layer that is mainly composed of carbon and selenium. The

carbon originates mainly from the high-boiling oleylamine that is used during the synthesis

of the nanoparticles [ 47 ], [ 55 ], [ 122 ]. Figure 5.1 shows a HAADF image along with STEM-

EDS mapping of a FIB-obtained cross-section of a CIGSSe film selenized at 550 °C for 10

minutes from oleylamine-capped sulfide CIGS nanoparticles, showing the bi-layer morphol-

ogy (Figure 5.1 (a)). STEM-EDS analysis of the coarsened layer shows no detectable carbon

contributions, whereas the EDS analysis of the fine grain layer contains much more signifi-
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cant carbon counts, along with selenium and copper; the presence of Cu in the fine grain has

been seen extensively in solution-processed CIGSSe films from both the nanoparticle and

the molecular precursor routes [ 57 ], [  124 ], [  128 ].

Figure 5.1. STEM-EDS on a FIB-obtained cross-section of a CIGSSe film
selenized at 550 °C from OLA-capped CIGS nanoparticles. (a) HAADF Im-
age, (b) Cu K-Series mapping on HAADF image, (c) In L-Series Mapping on
HAADF image, (d) Ga K-Series mapping on HAADF image, (e) Se K-Series
mapping on HAADF image, and (f) C K-Series mapping on HAADF image.
Scale bar is same for all images. FIB film ablation and STEM imaging and
analysis for this film was conducted at Brookhaven National Lab.

Wu et al. have studied the effect of the thickness of the fine grain layer on CZTSSe

devices that were selenized from sulfide nanoparticle precursors [  129 ]. They noted that the

thickness of the this layer has no adverse impact on the performance of the device, and

that the fine grain layer forms an ohmic contact with the Mo (MoSe2) back contact layer.

However, Wu et al. did not investigate how the presence of the fine grain layer affects the

device, only that the thickness of it does not show any adverse effects [ 129 ]. That being

said, the presence of fine grain adds an extra layer of impurity in the device stack, and is

expected to contribute to the series resistance across the device. Williams et al. have also

investigated the effect of the amount of carbon on the microstructure and growth of sulfide

CZTS nanocrystals through the addition of polystyrene into their nanocrystal ink [ 111 ].

They found that the amount of carbon present in the coating affects the microstructure

development, and that increasing the carbon concentration promotes abnormal grain growth
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characterized by a bimodal distribution of grain sizes, particularly at the coating surface

[ 111 ]. Furthermore, Rehan et al. have investigated the effects of carbon on CuInSe2 films

selenized from molecular precursor, and noted that the amount of carbon present in the film

prior to growth significantly altered the elemental diffusion within the coarsened final film

[ 128 ].

5.1.1 Scope

Multiple reports in the literature have shown that the presence and amount of carbon in

the precursor film affects the microstructure development and elemental distribution during

selenization and grain growth [ 55 ], [ 111 ], [ 128 ], and thus will ultimately impact the final

device properties [ 22 ], [ 128 ]. In this chapter, the growth behavior of CIGSSe films selenized

from almost carbon-free diammonium sulfide (DAS)-capped Cu(In, Ga)S2 precursors is in-

vestigated. Different selenization conditions and growth regimes are explored to assess the

microstructure development of CIGS nanoparticles containing minimal amount of carbon,

into coarsened CIGSSe films. The nanoparticles are initially synthesized with oleylamine

to provide size control, and then undergo a ligand exchange procedure to remove the bulky

oleylamine ligand and replace it with diammonium sulfide (DAS), as outlined by Ellis et

al. [ 57 ]. It is found that DAS-capped CIGS nanoparticles are very resistant to growth,

compared with the conventional OLA-capped CIGS nanoparticles [ 55 ], even when grown in

a liquid-assisted selenium regime, despite being almost carbon-free. Moreover, we find that

the use of external Na alkali treatment can significantly enhance the growth and cause a

step-change in the coarsened film thickness, and in the device performance, which differs

from carbon-containing OLA-capped CIGSSe (Chapter 3) where a gradual change in the

film thickness and device performance is observed with increasing alkali content [ 56 ].

5.2 Surface Capping Ligands in Nanocrystal Synthesis

The high surface-to-volume ratio exhibited by nanoparticles and nanocrystals due to their

nanometer dimensions result in a high surface energy, driving the particles together into

agglomeration and growing into larger clusters [ 61 ]. Also owing to their very high surface-
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to-volume ratio, the surface properties of the nanoparticles and nanocrystals greatly affect

their behaviors [ 61 ], [  130 ]. To prevent aggregation and to stabilize nanoparticle suspensions,

a capping ligand or a surfactant is used, which attaches to the nanoparticle surface saturating

dangling bonds and providing steric hindrance shielding the particle from its environment

[ 61 ]. Capping ligands are used extensively in nanocrystal syntheses as they control the

nucleation and growth kinetics of the synthesis reaction [ 51 ], [ 54 ], [ 61 ]. They can also take

various forms such as organic, inorganic, and polymers to name a few [ 61 ].

5.2.1 The Use of Oleylamine as a Surface Capping Ligand

Oleylamine, an organic 18-carbon primary amine, is a commonly used surfactant in

nanocrystal synthesis and fabrication, and has proven to be very suitable for controlling

the size and kinetics of the syntheses of various nanoparticle materials and system such

as Cu(In, Ga)S2 [ 47 ], [  54 ], [  55 ]; Cu2ZnSnS4 [ 50 ], [  51 ], [  131 ]; and Ag2ZnSnS2 [ 60 ]. How-

ever, because of its elevated boiling point (364 °C), oleylamine will remain attached to the

nanocrystal surface, and does not leave the nanoparticle film even after annealing and se-

lenization. Carbon from oleylamine and is left behind as a ’fine grain’ layer in the final

absorber film as graphitic carbon [ 111 ].

5.2.2 Ligand Exchange

The leftover carbonaceous ’fine grain’ layer is mainly a consequence of the oleylamine

ligand used in the nanocrystal synthesis. One way to prevent the formation of the carbona-

ceous fine grain layer in the coarsened film is to exchange the long chain oleylamine ligand

that is attached to the nanocrystal with a shorter chain ligand that does not contain carbon,

and has a relatively low boiling point; The low boiling point allows it to evaporate during

the annealing (300 °C - 350 °C) and selenization (≥ 450 °C) steps. One commonly used

ligand to exchange oleylamine with is diammonium sulfide (DAS) (b.p. 40 °C).

As discussed in Section 5.1, McLeod et al. have investigated the selenization of CIGSSe

from OLA-capped CIGS nanoparticles, and have argued that film growth will stagnate early

in the growth, and have attributed that stagnation to the presence of carbon in the film
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(from the oleylamine ligand) impeding the elemental transfer in the film [  55 ]. Ellis et al.

have shown that when using exchanging oleylamine with diammonium sulfide (DAS) on the

CIGS nanoparticles, the majority of the carbon leaves the system, and a mostly carbon-free

coarsened CIGSSe film can be obtained, when selenized at the proper conditions [ 57 ].

5.3 Experimental Section

5.3.1 Nanoparticle Synthesis and Exchange

Selenide Cu(In, Ga)(S, Se)2 films and devices used in this were selenized and grown from

DAS-capped sulfide Cu(In, Ga)S2 nanoparticle films. Oleylamine-capped CIGS nanoparticles

were first synthesized followed by a ligand exchange procedure to remove the OLA ligand

and replace it with diammonium sulfide.

5.3.2 Synthesis of OLA-Capped Nanoparticles

The oleylamine-capped CIGS nanoparticles were synthesized using a heat-up synthesis

with amine-thiol according to methods outlined by Deshmukh et al. [ 63 ]. Briefly, Two

precursor solutions were first prepared separately in an inert environment. The first solution

was prepared in a N2-filled glovebox, and consists of Cu2S (powder, 99.99% metals basis,

Sigma-Aldrich) in a propylamine (PA)-1,2-ethanedithiol (EDT), with a concentration of 0.90

M and PA:EDT mole ratio of 2:1; the solution was left in the N2-filled glovebox at room

temperature with constant stirring until complete dissolution is achieved (∼ 3 hours). The

second precursor consists of In (100 mesh powder, 99.99% metals basis, Sigma Aldrich) and

Ga (pellets, 99.99999% metals basis, Alfa Aesar) dissolved in PA-EDT with an overall (In

+ Ga) metallic concentration of 0.4 M and PA:EDT mole ratio of 2:1; The [Ga]/[Ga]+[In]

ratio was 0.3. The In+Ga precursor solution was also prepared in a N2-filled glovebox but

the dissolution was conducted on a Schlenk line under Ar atmosphere at 45 °C with constant

stirring and refluxing, with complete dissolution occurring within 2-3 days.

After complete dissolution is achieved in both precursor solutions, the solutions are then

mixed together in a three-neck flask such that the [Cu]/[In]+[Ga] is 0.92. Oleylamine (70%,

≥98% primary amines, Sigma-Aldrich) was added to the flask with a concentration of 5.86
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ml per In + Ga mmol. The three-neck flask containing the metallic solutions and OLA was

prepared and sealed in a N2 glovebox. The flask was then taken out of the glovebox and

attached to a Schlenk line on which the synthesis will preformed under Ar atmosphere. The

reaction solution is heated to the reaction temperature of 285 °C at which temperature the

synthesis was allowed to proceed for 90 minutes. The solution was then allowed to cool

naturally under inert Ar to room temperature. Following, the synthesized nanoparticles

were washed in a solvent:anti-solvent mixture of hexanes and isopropyl alcohol to remove

excess organics. During the washing procedure, careful care was taken to ensure that the

nanoparticles are not exposed to air. The nanoparticles were then dried under Ar and stored

in an inert atmosphere.

5.3.3 Ligand Exchange Procedure

Ligand exchange was conducted according to hybrid-ligand exchange methods provided

by Ellis et al. in which the non-polar oleylamine ligand is exchanged with the polar diammo-

nium sulfide [ 57 ]. 150 mg of the OLA-capped nanoparticles were dispersed in toluene and

mixed with pyridine in a N2 glovebox with a total concentration of 10 mg/ml. The mixture

was then heated in a microwave reactor at 150 °C for 30 minutes with 900 rpm stirring.

The resulting mixture was then centrifuged with hexanes to precipitate the nanoparticles.

Following, the particles were dispersed 7.5 ml in N-methylformamide (NMF) and diammo-

nium sulfide (DAS) (40% in H2O, Sigma Aldrich) with a NMF:DAS ratio of 10:1 by volume,

forming the polar phase; an equal amount of hexanes (non-polar phase) was also added to

the solution. The solution was left stirring for 90 minutes at 900 rpm stirring, at room

temperature. Following, the polar phase (NMF/DAS + particles) was extracted and added

to a fresh 7.5 ml hexanes, and left stirring for 30 minutes at room temperature to further the

exchange. Figure 5.2 shows an image of the solution after the exchange, showing the clear

separation between the polar (NMF/DAS) and non-polar (hexanes) phases, with the parti-

cles concentrating in the polar phase. The polar phase is then extracted and washed with

acetone and acetonitrile and dried under inert atmosphere. As was the case in the nanopar-

ticle synthesis, careful care was taken to ensure that the nanoparticles are not exposed to

air.
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Figure 5.2. NMF/DAS (polar) and hexane (non-polar) solution, along with
exchanged DAS-capped Cu(In, Ga)S2 nanoparticles suspended in the polar
phase.

5.3.4 DAS-Capped CIGS Nanoparticle Film Coating

Nanoparticle films are coated onto Mo-coated SLG substrates in N2-filled glovebox using

an automated blade-coating technique. The inks are formed by suspending the DAS-capped

CIGS nanoparticles in dimethyl sulfoxide (DMSO) (225 mg nanoparticles per ml DMSO).

On each film, 48 µl of ink is coated using four passes of 12 µl in each pass giving a final

nanoparticle film thickness of 1.2-1.4 µm. For films that had external alkali treatments,

alkalies were either supplied by evaporating alkali fluorides on the nanoparticle film prior to

selenization (e-beam), or through soaking the nanoparticle films into a NaSCN in acetone

solution.

Throughout this chapter, DAS-capped CIGS nanoparticle films refer to coated films of

Cu(In, Ga)S2 nanoparticles that are DAS-capped, while OLA-capped CIGS nanoparticle

films refers to coated films of Cu(In, Ga)S2 nanoparticles that are capped with oleylamine.
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5.3.5 Selenization and Growth

In this chapter, selenization and grain growth is conducted in a tubular furnace under

excess selenium atmosphere or in a three-stage rapid thermal processing furnace (RTP)

5.3.5.1 Selenization and Grain Growth in Rapid Thermal Processing Furnace

To investigate the selenization and growth of the DAS-capped nanoparticle films, a three-

zone rapid thermal processing furnace is used (RTP) with argon flow serving as the carrier

gas. Figure 5.3 shows a diagram of the RTP. The RTP is composed of a graphite tray on

which the sample and Se are placed, and covered with graphite lids. The tray is placed inside

a quartz chamber, and the heating is done through the use of banks of 500 W lamps placed

on top and below the the quartz chamber.

The benefits gained from the use of the RTP is that each zone’s temperature and heat-

ing/cooling rate is independently controlled via PID controllers, as is the argon (carrier gas)

flow. By adjusting the temperature difference between the sample and selenium zones, sele-

nium saturation in the vapor passing over the sample can be controlled. Moreover, adjusting

the argon flow also allows us to further control selenium delivery to the sample. To ensure

that the temperatures of the Se and the sample do not overlap, Se pellets are placed in

a ceramic boat in Zone 3, while the sample is placed downstream in Zone 1, with Zone 2

being an intermediate zone where the temperature of the Ar stream is gradually decreased

from the its setpoint in Zone 3 (Se zone) to the its setpoint in Zone 1 (sample zone). In all

selenization runs, Zone 1 and Zone 2 temperatures are kept equal. A set of SLG glass shims

are placed in the vicinity of the sample (same thickness as sample), with thicker shims (2x

sample thickness) placed on the edges to act as a flow resistance and force the Ar stream

to flow over the sample. See Appendix A for more information on the RTP furnace and

representative temperature profiles.

In a typical configuration, the sample and selenium are placed in different heating zones,

with selenium heated to a higher temperature than the sample, e.g. difference between TSe

and Tsample is 25 - 50 °C. TSe and Tsample denote the selenium (Zone 3) and sample tem-

peratures (Zone 1), respectively. Argon flows over the selenium vapor in Zone 3, at vapor
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pressure of PSe(TSe), and carries over to the sample in Zone 1, where the lower temperature

will cause the Se to condense on the sample due to the lower temperature and selenium

vapor pressure (PSe(Tsample) < PSe(TSe)).

Figure 5.3. Top-down diagram of three-zone rapid thermal processing furnace
(RTP). Banks of 500 W heating lamps are placed above and below Red circles
denote thermocouple positions.

5.3.6 Device Fabrication and Characterization

Devices were fabricated in a similar manner to what is done in Chapter 3 using the

conventional SLG/Mo(800 nm)/CIGSSe(1.2-1.4 µm)/CdS(50 nm)/i-Zno(80 nm)/ITO(220

nm)/Ni-Al stack. Devices are fabricated and measured without the use of MgF2 anti reflec-

tive coating.

Plan-view and cross-sectional scanning electron microscopy images were obtained using

a FEI Quanta electron microscope (10 keV accelerating voltage). Overall Elemental analysis

was conducted via X-ray fluorescence using a Fisherscope XAN 250 X-ray Fluorescence

instrument. EDS elemental analysis was also conducted on some films using an Oxford

INCA X-stream 2 silicon drift detector attached to the SEM instrument, with an accelerating
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voltage of 20 keV. Raman Spectroscopy measurements were performed using a Horiba/Jobin

Yvon HR800 confocal microscope (50x) with a 633 nm He:Ne laser for excitation. X-ray

diffraction scans were conducted in Bragg-Brentano mode using Cu Kα radiation using a

Rigaku Smart-Lab diffractometer.

J-V measurement on completed devices was conducted using an Oriel SOL3A solar sim-

ulator under AM1.5 conditions. J-V data was analyzed using the model by Hegedus et al.

[ 7 ].

5.4 Results

Figure 5.4 shows a plan-view and a cross-sectional image of a representative image of a

DAS-capped Cu(In, Ga)S2 nanoparticle film on a Mo-coated SLG substrate. The nanopar-

ticle films exhibit no cracks in the film, and a relatively flat morphology, with a thickness of

∼ 1.3 µm.

Figure 5.4. (a) Plan-view and (b) cross-sectional images of a CIGS nanopar-
ticle film coated with DAS-capped CIGS nanoparticles suspended in DMSO.
Scale bar is same for both images.

As a starting point to investigate the growth of DAS-capped CIGS nanoparticle, the films

were selenized using a conventional tubular furnace at 500 °C, similar to what is done for

the selenization of OLA-capped CIGS (see Chapter 3). Initially, the films were selenized

without the addition of external alkali. 

1
 Films were selenized in a tubular furnace under

a Se atmosphere at 500 °C for 20, 30, and 40 minutes. Figure 5.5 shows SEM plan view
1Some Na does diffuse from the soda-lime glass substrate into the film during the 500 °C selenization. See
Figure 3.8 in Chapter 3 and refs. [ 18 ], [ 71 ]
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and cross-sectional images of those films. In Figure 5.5 (a)-(c), the plan view images show

that all films are characterized by a dense morphology of coarsened grains. Moreover, going

from 20 to 40 minute selenization, minimal changes are observed in the grain morphology,

even when doubling the selenization duration. The cross-sectional images of the same films,

shown in Figure 5.5 (d)-(f), show that almost the entire thickness of the film (∼ 900 nm)

consists of an uncoarsened fine grain layer, with a thin coarsened layer (∼ 350 nm) at the

top. Figure 5.6 shows EDS mapping on the CIGSSe film that was selenized for 20 minutes

at 500 °C (Figure 5.5 (a), (d)). EDS mapping shows that this fine grain layer is composed

of unsintered metal, i.e. Cu, In, Ga, and Se that did not incorporate into the coarsened layer

at the top.

Figure 5.5. (a)-(c) Plan-view and (d)-(f) cross-sectional images of CIGSSe
films selenized in a tubular furnace with excess Se from a DAS-capped CIGS
nanoparticle film. Films were selenized at 500 °C for (a),(d) 20 minutes; (b),(e)
30 minutes; (c),(f) for 40 minutes. Scale bar is same for all images.

The films shown in Figure 5.5 indicate that the duration of selenization at 500 °C has

little effect on the selenized film size and coarsened thickness, suggesting that the films

have reached a thermodynamic limit (at 500 °C) preventing them from growing further, and

resulting in a bi-layer morphology unsintered fine grain layer consisting mainly of unreacted

metals. The DAS-capped CIGS nanoparticle films in Figures 5.5 also show similarity to

the selenization of high carbon OLA-capped Cu(In, Ga)S2 nanoparticles in that the films
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Figure 5.6. EDS mapping on CIGSSe film selenized from DAS-capped CIGS
nanoparticles at 500 °C for 20 minutes in a tubular furnace. EDS data was
collected under an accelerating voltage of 20 keV. Scale bar denotes 1 µm.

will stagnate upon reaching a certain thickness provided that there is no external alkali

supply.[  55 ].

Figure 5.7 shows illuminated J-V curves for CIGSSe devices fabricated from the films

shown in Figure 5.5; performance parameter are summarized in Table 5.1. The device pa-

rameters of CIGSSe devices fabricated from DAS-capped films, without any alkali addition,

shows very poor performance, with a markedly low Voc and Jsc. This is in contrast to

OLA-capped films where films selenized without external alkali at the same conditions (20

minutes, 500 °C, See Table 3.1 in Chapter 3) show significantly better performance (3.4%

vs. 8.8% (with MgF2) for the DAS-capped and OLA-capped films, respectively.

Table 5.1. Performance parameters for CIGSSe devices selenized from DAS-
capped CIGS nanoparticles at 500 °C (SEM plan-view and cross-sections shown
in Figure 5.5). All efficiencies are based on total cell area, and are measured
without MgF2 anti-reflective coating.

Condition η (%) VOC (V) Jsc (mA/cm2) FF (%)

20 min 3.4 0.38 17.1 53.1
30 min 3.9 0.46 15.9 53.1
40 min 4.9 0.43 22.3 50.7
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Figure 5.7. Illuminated J-V curves for CIGSSe devices selenized from DAS-
capped nanoparticle films at 500°C for 20, 30, and 40 minutes without external
alkali addition.

As described in the introduction of this chapter, McLeod and co-workers have suggested

that OLA-capped CIGS nanoparticles’ growth stagnation is due to the carbon accumulation

in the film [ 55 ]. In their OLA-capped CIGS nanoparticle selenization and growth model,

Cu, In, and Ga diffuse towards the surface, which serves as a free interface for nucleation,

and combine with the growing front [ 55 ]. As the growth proceeds, more and more met-

als diffuse to the surface leaving behind carbon from the OLA ligand [ 55 ]. They suggest

that the accumulation of carbon will impede the growth causing it to eventually stagnate.

However, CIGS nanoparticle films from DAS-capped nanoparticles do stagnate despite that

the nanoparticles and the nanoparticle films have minimal amount carbon. This suggests

that another mechanism may be at play preventing the DAS-capped nanoparticle films from

growing further.

To investigate the growth behavior of DAS-capped nanoparticles, the rapid-thermal pro-

cessing furnace is utilized, which allows significantly more control of the selenization process.

5.5 Grain Growth and Selenization using Rapid Thermal Processing Furnace

In the previous section, the selenization and growth behavior of DAS-capped Cu(In, Ga)S2

nanoparticles was investigated using a tubular furnace, where only the selenization duration

was varied. it was found that under selenization conditions of 500 °C, DAS-capped CIGS
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nanoparticles showed minimal growth into CIGSSe films, with corresponding devices per-

forming poorly. To gain more insight into the growth behavior, a three-zone rapid thermal

processing furnace was used. As described in Section 5.3, the use of the RTP allows more con-

trol over the selenization process as the Se vapor pressure, Se delivery, sample temperature,

and Se temperature can be varied.

In this section, different selenization and growth conditions are explored in order to

deduce under which conditions can the DAS-capped CIGS films be sintered and grown into

fully coarsened CIGSSe grains. Process growth variable explored in this chapter are the

sample temperature, Se temperature, and argon flowrate. In all conditions, the samples and

Se were heated rapidly to their respective setpoints (∼ 10 °C/s). When cooling, a controlled

profile was used that ensures that Se temperature is always higher than the sample’s, until

300 °C. This is to prevent selenium loss from the CIGSSe film [ 41 ]. Table 5.2 below lists the

parameters that are varied and their corresponding effects on the selenization process.

Table 5.2. Controllable furnace parameters in the RTP furnace, and their
corresponding effects on the selenization process

Parameter Controlled process variable

Sample temperature Selenization and growth temperature
Se temperature Se vapor pressure and saturation over the sample
Argon flowrate Selenium delivery to sample

Figure 5.8 shows the SEM plan view and cross-sectional images of CIGSSe films selenized

in the RTP from DAS-capped CIGS nanoparticles at Tsample = 500 °C, and TSe = 525 °C.

In both 0.1 l/min and 0.6 l/min flowrates, very low nucleation and growth is observed.

In Figure 5.8, a decrease in the grain size and nucleation is observed when going from 0.1

l/min to 0.6 l/min flowrate. This behavior is attributed due to the differences in Se saturation

between the two conditions. In an ideal case, the Se is heated to a higher temperature than

the sample to ensure a Se oversaturation over the sample, i.e. the Se vapor pressure around

the selenium pellets in Zone 3 is higher than the Se vapor pressure around the sample, thus

forcing condensation of liquid Se on the sample surface. In a typical run, the temperature of

Zone 1 and Zone 2 are kept the same, with Zone 3 usually at a higher temperature. As the
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Ar stream is heated to TSe when it enters the furnace quartz chamber, it will need a finite

amount of time to reach TSe. Since higher flowrates will have shorter residence times in each

zone, the 0.6 l/min stream temperature will not be reach TSe when the Ar flows over the Se

pellets, and as such will not be saturated with Se. See Appendix A for more information.

1 μm

a) 0.1 l/min b) 0.6 l/min

c) 0.1 l/min d) 0.6 l/min

Figure 5.8. Plan-view (a),(b) and cross-sectional (c),(d) SEM images of
CIGSSe films selenized from DAS-capped CIGS nanoparticles in the RTP for
15 minutes at 500 °C, with Se at 525 °C, with different Ar flowrates: (a),(c)
0.1 l/min; (b),(d) 0.6 l/min. Scale bar is same for all images.

Figure 5.9 shows the SEM plan-view and cross-sectional images of CIGSSe films selenized

at 550 °C (Se at 575 °C) for 10 minutes. Increased nucleation and grain sizes are observed

for these films, over the films that were selenized at 500 °C (Figure 5.8). This consistent of

increasing growth rate with temperature and Se partial pressure over the film. Varying the Se

partial pressure over the sample also has little effect on the resulting film morphology. Figure

5.10 shows CIGSSe films selenized at different Se temperatures (partial pressures). The same

sparse grain morphology on the surface, combined with a significantly large un-sintered fine

grain layer.

Figure 5.11 shows the effect of selenization duration on the film morphology (Tsample =

550 °C, TSe = 575 °C, 0.1 l/min Ar flow). Varying the selenization duration has some effect
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on the surface morphology of the film in that a step increase in the grain coverage area is

observed as the duration is increased from 5 minutes to 10 (Figure 5.9 (a), (c)) to 15 minutes.

That being said, the same bi-layer morphology remains. Moreover, in the 5 min, 550 °C film

(Figure 5.11 (a)), very few nuclei are observed on the surface of the film despite the film

being at 550 °C, and exposed to a Se oversaturation. McLeod and co-workers have shown

that in the selenization of OLA-capped nanoparticles, nucleation is very rapid when selenized

in Se overaturation, with the surface of the film being completely covered with CIGSe nuclei

within the first 20 seconds of selenization [ 55 ]. Figure 5.11 (e) shows the Raman spectra

of the films shown in Figure 5.11, which indicates that both films are completely selenide

Cu(In, Ga)Se2, with no detectable sulfide Cu(In, Ga)S2 present in the film.

1 μm

a) 0.1 l/min b) 0.6 l/min

c) 0.1 l/min d) 0.6 l/min

Figure 5.9. Plan-view (a),(b) and cross-sectional (c),(d) SEM images of
CIGSSe films selenized from DAS-capped CIGS nanoparticles in the RTP for
10 minutes at 550 °C, with Se at 575 °C, with different Ar flowrates: (a),(c)
0.1 l/min; (b),(d) 0.6 l/min. Scale bar is same for all images.

It is apparent from the observations above that DAS-capped Cu(In, Ga)S2 nanoparticles

are resistant to growth. The growth of these nanoparticle films is limited, even at elevated

selenization temperatures, e.g. 550 °C. Moreover, the bi-layer morphology is retained with

variation of the Se vapor pressure over the sample. The films shown above are selenized
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1 μm

a) Tse = 550 °C b) Tse = 600 °C

c) Tse = 550 °C d) Tse = 600 °C

Figure 5.10. Plan-view (a),(b) and cross-sectional (c),(d) SEM images of
CIGSSe films selenized from DAS-capped CIGS nanoparticles in the RTP for
10 minutes with 0.1 l/min Ar flow, at Tsample = 550 °C, and TSe: (a),(c) 550
°C; (b),(d) 600 °C. Scale bar is same for all images.

without the use of any external alkali treatments. Introducing Na into the system may

provide a liquid-flux that may lead to further coarsening of the film.

Figure 5.12 shows the SEM plan-view and cross-sectional images of CIGSSe films selenized

from DAS-capped CIGS nanoparticles, with 15 nm NaF evaporated onto the nanoparticle

film prior to selenization. A step-change in the grain size and coarsened film thickness is ob-

served with the addition of 15 nm NaF, compared with films selenized at the same conditions

without external Na addition (Figure 5.9). The 0.1 l/min film (Figure 5.12 (a),(c)), that

was selenized at 550 °C (Se at 575 °C) with the Na addition shows very dense morphology

with ∼ 2µm-wide grains, and a cross-section that is characterized by single grains that span

the entire film thickness. Minimal fine grain layer thickness is observed in the films shown

in Figure 5.12 due to the precursor nanoparticle film being composed of low-carbon DAS-

capped Cu(In, Ga)S2 nanoparticles. Similar grain morphology is also observed for CIGSSe

films selenized in the tubular furnace at 500 °C for 20 minutes, with 15 nm NaF treatments

(Figure 5.12 (e),(f)).
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1 μm

a) 5 min b) 15 min

c) 5 min d) 15 min

Figure 5.11. Plan-view (a),(b) and cross-sectional (c),(d) SEM images of
CIGSSe films selenized from DAS-capped CIGS nanoparticles in the RTP 0.1
l/min Ar flow, at Tsample = 550 °, and TSe = 575 °C for (a),(c) 5 minutes,
(b),(d) 15 minutes. (e) Raman spectra of films shown in (a)-(d), along with
the spectrum of DAS-capped Cu(In, Ga)S2 film. Scale bar is same for all SEM
images.

5.6 Discussion

From the aforementioned observations, it is apparent that selenization and grain growth,

at 500 °C and 550 °C, of DAS-capped Cu(In, Ga)S2 nanoparticle films into a coarsened

Cu(In, Ga)(S, Se)2 film is poor without the use of external alkali, resulting in films charac-

terized by a very thin coarsened layer at the top and significantly larger fine-grain layer at

the bottom. The fine grain layer is composed of metals that were not incorporated into the

growing grains, and Se. External Na alkali treatments to the film prior to selenization results

in a step increase in the coarsened layer thickness, and results in a dense film morphology,

with single grains spanning the thickness of the films and minimal fine grain layer. This is

not the case with OLA-capped films (Chapter 3 and ref. [ 55 ]) where a gradual increase in

grain size and in coarsened layer thickness is observed [ 55 ]. Furthermore, CIGSSe solar cell

devices selenized from DAS-capped CIGS nanoparticles show poor performance, this is also

differs from OLA-capped nanoparticles in that CIGSSe devices fabricated using the same
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RTP (550 °C, Tse = 575 °C), 10 min Tubular Furnace (500 °C, 20 min)

e)

f)

Figure 5.12. Plan-view (a),(b) and cross-sectional (c),(d) SEM images of
CIGSSe films selenized from DAS-capped CIGS nanoparticle films in the RTP
for 10 minutes at 550 °C, with Se at 575 °C, with different Ar flowrates: (a),(c)
0.1 l/min; (b),(d) 0.6 l/min. (e),(f) CIGSSe film selenized in tubular furnace
at 500 °C for 20 minutes. Prior to selenization, nanoparticle films had 15 nm
NaF evaporated onto their surface via e-beam evaporation. Scale bar is same
for all images.

conditions show considerably better performance (Chapter 3 and ref. [ 56 ]), despite having

carbon present in the film.

From the observations in the films that were selenized without alkali (Figures 5.8 - 5.11),

the hypothesis is that the grain growth of DAS-capped CIGS nanoparticles follows a top-

down growth model, similar to the model proposed by McLeod et al. for OLA-capped CIGS

nanoparticles [ 55 ]; their growth model was extended from an earlier CZTS nanoparticle

growth model proposed by Carter et al. and Hages et al. using EDXRD measurements [ 115 ],

[ 132 ]. In the model proposed by McLeod et al., the selenization of Cu(In, Ga)S2 nanoparticles

proceeds with surface nucleation of Cu(In, Ga)Se2 grains forming a coarsened growth front

[ 55 ]. Metals (Cu, In, Ga) diffuse from the nanoparticle film bulk and incorporate into the

growing front leading to further coarsening of the film (See Figure 5.13 below) [ 55 ].

Hages et al. reported similar observations regarding the growth of DAS-capped CZTS

nanoparticle films, obtained through a ligand exchange process from OLA-capped CZTS

nanoparticles [  115 ]. They reported film resistance to selenization and growth, and attributed
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Figure 5.13. Diagram illustrating liquid-assisted growth model for the se-
lenization and growth of OLA-capped Cu(In, Ga)S2 nanoparticle films [ 55 ].
Reprinted with permission from McLeod, S.; Alruqobah, E.; Agrawal, R. Liq-
uid Assisted Grain Growth in Solution Processed Cu(In, Ga)(S, Se)2. Sol. En-
ergy Mater. Sol. Cells 2019, 195 (February), 12–23. [ 55 ].

that to the inability of liquid selenium to diffuse into the film through capillary action,

due of the smaller inter-particle distance of the DAS-capped nanoparticles compared to the

OLA-capped nanoparticles [ 115 ]. While the inter-particle distance between DAS-capped

nanoparticles is indeed smaller than that of OLA-capped nanoparticles (due to the smaller

DAS ligand compared with the bulky oleylamine ligand), it does not explain the fact that

the growth resistance can be overcome with the addition of alkali. One of the actions of Na

is that it provides a liquid flux, in the form of Na2Sex , in the film that accelerates diffusion

and growth. If the smaller inter-particle distance of DAS-capped nanoparticles is the culprit

of the reduced growth resistance, than adding a liquid flux agent, i.e. Na2Sex , should not

affect the growth appreciably. Moreover, CIGSSe films selenized from sulfide CIGS molecular

precursor films (Figure 5.14), where the film porosity and inter-particle spacing in the film

is smaller than in a DAS-capped nanoparticle films, do not exhibit growth the resistance

observed herein. Note that the tri-layer morphology observed in Figure 5.14 (b) is typically

observed in selenized films from amine-thiol-based sulfide molecular precursor films. McLeod

and co-workers have shown that during the selenization of oleylamine-capped Cu(In, Ga)S2,

rapid nucleation occurs (within the first ∼ 20 seconds when selenized at 500 °C) [ 55 ]. They

also observed growth stagnation in OLA-capped nanoparticles, and attributed that to carbon

(from oleylamine) accumulation between the particles. However, in the present case, despite
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a) b)

Figure 5.14. (a) SEM plan-view and (b) cross-sectional image of a CISSe film
selenized from amine-thiol-based CuInS2 molecular precursor film at 560 °C in
a tubular furnace for 6 minutes. Scale bar is same for both images. Figure
courtesy of Swapnil D. Deshmukh.

that there is minimal amount of carbon present in the film [ 57 ], the growth is severely

hindered. Moreover, surface nucleation is also limited in that complete film coverage with

coarsened grains is difficult to achieve (without the use of Na), even with Se oversaturation.

The hypothesis is that the growth resistance is due to the nanoparticle surface. Going

from Oleylamine-capped CIGS nanoparticles to sulfide-capped CIGS, the surface environ-

ment around the nanoparticles is changed (Figure 5.15). This in turn will affect how the

film interacts with selenium; sufficient amounts of selenium are needed for growth [  55 ]. To

test this hypothesis, a DAS-capped CIGS nanoparticle film is coated with a thin layer of

oleylamine-capped CIGS nanoparticles, and selenized in the RTP for 15 minutes at 500 °C,

with Se oversaturation (Similar to the selenization conditions of the films shown in Figure

5.8); Figure 5.16 shows the SEM images of this film. Although the film top-down morphology

still shows sparse grains, the grain sizes are notably larger than in the films selenized with

DAS-capped nanoparticle only, further suggesting that the growth issue is due to different

nanoparticles.

Introducing Na externally into the film leads to significant changes in the extent of growth.

Sodium is known to have a high affinity to selenium, and has been shown to improve the

Se sticking coefficient onto the CISe surface [ 113 ]. The fact that surface nucleation with

DAS-capped CIGS nanoparticles is limited, and adding sodium in the film leads to a step

change in both the film coverage and coarsened film thickness suggest that the issue with
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Figure 5.15. Simple diagram of oleylamine-capped (left) and sulfide-capped
(right) Cu(In, Ga)S2 nanoparticles.

OLA-CIGS

DAS-CIGS

1 μm

a) b)

Figure 5.16. (a) Cross-sectional SEM image of a bi-layer nanoparticle film
composed of diammonium sulfide-capped Cu(In, Ga)S2 nanoparticle film (bot-
tom) and oleylamine-capped Cu(In, Ga)S2 nanoparticle film. (b) SEM plan-
view image of CIGSSe film selenized in the RTP from the film shown in (a),
at 500 °C (TSe = 525 °C) for 15 minutes. Scale bar is same for both images.

DAS-nanoparticles are related to Se incorporation into the film. Moreover, the results above

suggest that post-deposition (selenization) treatments of Na, or other alkali, as is done in

vacuum-based CIGSe and CIGSSe processing is not adequate for the selenization of low-

carbon DAS-capped nanoparticle films, and external alkali treatments, prior to selenization,

are a requirement for high-quality absorber films.
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5.7 Conclusion

In this chapter, the growth and selenization behavior of low-carbon diammonium sulfide-

capped Cu(In, Ga)S2 nanoparticle films is investigated. It was found that these particles are

resistant to growth, and that films grown under various selenization and annealing conditions

are characterized by a bi-layer morphology that is composed of a coarsened thin layer at the

top of the film, with a much larger ’fine grain’ layer that is composed of unincorporated metals

(Cu,In,Ga), and Se. Moreover, surface nucleation is also limited, compared to conventional

oleylamine-capped Cu(In, Ga)S2.

The growth resistance and limited surface nucleation was attributed to the difficulty

of adequate amounts of Se, a requirement for appreciable growth, to be incorporated into

the DAS-capped CIGS nanoparticle films. Introducing external sodium treatment, in the

form of 15 nm evaporated NaF onto the nanoparticle film, has significantly enhanced the

growth, with resulting films having a dense top-down morphology, and cross-section mor-

phologies that are characterized by single grains spanning the thickness of the film. These

results demonstrate that for appreciable growth of low-carbon DAS-capped Cu(In, Ga)S2

nanoparticle films, alkali treatments introduced prior to selenization are a requirement.
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6. RUBIDIUM FLUORIDE TREATMENTS FOR DAS-CAPPED

NANOPARTICLE-BASED CIGSSE SOLAR CELLS

6.1 Introduction

As mentioned in Chapter 2, one of the most significant developments in Cu(In, Ga)Se2 and

Cu(In, Ga)(S, Se)2 solar cell fabrication is the inclusion of heavy alkali treatments (K, Rb, Cs)

[ 11 ]. Chirilă and co-workers have demonstrated enhanced performance of CIGSe solar cell

devices when subjected to a KF-PDT, significantly surpassing CIGSe devices treated with

Na only [ 12 ]. However, Jackson et al. demonstrated significant performance enhancements

with CIGSe films treated with a RbF post-deposition treatments, with a gain in the p.c.e.

from 20.3% (Na only, diffused from SLG substrate) and 20.8% (KF-PDT) to 22.6% using

RbF-PDT [  133 ], [ 134 ]. The benefits of Rb have also been applied to low bandgap near-

stoichiometric CuInSe2 solar cells [ 135 ]. Feurer et al. reported significant device performance

enhancment of high Cu CuInSe2 as a result of Rb treatments, where the device efficiency

increased from 14.3% to 19.2% as a result of RbF-PDT [  135 ].

Enhanced absorber quality and CIGSe/CdS interface is also reported with Rb-treated

CIGSe films [ 97 ], [  136 ]. Using calibrated photoluminescence measurements, Wolter et al.

reported increased quasi-Fermi level splitting and reduced non-radiative recombination for

CIGSe films treated with Rb [ 97 ]. Furthermore, Rb treatments have been reported to in-

duce modifications of the CIGSe grain boundaries, and on the CIGSe/CdS interfaces [ 136 ].

Cu-depletion of the grain boundaries as a result of RbF treatments was demonstrated by

Raghuwanshi and co-workers; this is believed to be beneficial to the CIGSe device perfor-

mance as Cu-depleted grain boundaries act as a hole barrier [ 136 ].

Rubidium treatments and effects on CIGSe and CIGSSe films and devices have only

been reported on vacuum-based devices grown via co-evaporation [ 75 ], [  100 ], [  134 ] and two-

step [ 42 ] routes. No reports on Rb treatments on solution-processed CIGSe (CIGSSe) are

published. In this chapter, preliminary results on the effects of Rb treatments on solution-

processed CIGSSe films, fabricated from DAS-capped Cu(In, Ga)S2 nanoparticles is pre-

sented. It was found that Rb treatments, when applied on the as-coated films prior to
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selenization and grain growth, show growth-assisting behavior, similar to Na and K, an

observation which is not reported in the literature. Moreover, reduced non-radiative recom-

bination is also reported for films treated with RbF in the form of enhanced PL response.

6.2 Experimental

Cu(In, Ga)(S, Se)2 films used in this chapter are grown from a 1.2 µm DAS-capped

Cu(In, Ga)S2 nanoparticle films. Details on the synthesis, ligand exchange, and coating

of the DAS-capped CIGS nanoparticle ink are given in Chapter 5. Rb treatments were de-

livered to the as-coated film, prior to selenization, through the thermal evaporation of RbF

powder (Alfa-Aesar, 99.975% metals basis). Selenization and grain growth was conducted

in a tubular furnace under an inert atmosphere, with the sample placed in a rectangular

graphite box with Se pellets (∼ 300 mg). The selenized films had a CGI ratio of 0.93 ± 0.01,

and a GGI ratio of 0.29 ± 0.005.

Scanning electron microscope plan-view and cross-sectional images were obtained using a

FEI Quanta electron microscope. Elemental analysis on the overall film were obtained using

a Fischerscope XAN 250 X-ray fluorescence instrument. Raman Spectroscopy and photo-

luminescence (PL) measurements were performed at room temperature via a Horiba/Jobin

Yvon HR800 confocal microscope with a 50x objective lens. A 633 nm He:Ne laser was used

for excitation. PL spectra of all films were collected at the same conditions.

6.3 Results

Figure 6.1 shows the SEM plan-view and cross-section of CIGSSe films selenized at 500

°C for 20 minutes, with different evaporated RbF thicknesses; note that ’No RbF’ film

is the same film that was shown in Figures 5.5 (a),(d) in Chapter 5, and is included for

comparison. As shown in Figure 6.1, increasing the evaporated RbF thickness on the as-

coated film has led to a marked increase in the grain size and the cross-sectional coarsened

film thickness. As was demonstrated in Chapter 5, DAS-capped CIGS nanoparticle films

are resistant to growth when selenized without any additional alkali treatments, with the

111



growth stagnating. Achieving significant grain growth requires the addition of sodium into

the film, even at elevated growth temperatures, e.g. 575 °C.

The films in Figure 6.1 below suggest that Rb does show growth assisting behavior, with

similar observations to Na (Chapter 5), and K (Chapter 3). This growth-assisting behavior

of Rb treatments has not been reported in the literature, to the best of our knowledge. More-

over, Like Na, The film undergoes a step change in the coarsened thickness, with minimal

difference between the ’No RbF’ baseline and the 10 nm RbF samples. Increasing the RbF

thickness to 20 nm increases the coarsened film thickness considerably, with a single grain

that spans the thickness of the film. Figure 6.2 shows the atomic percentages of the films

treated with RbF, extracted from XRF. The atomic percentages of RbF as a function of film

thickness are markedly high, even with 10 nm RbF condition. Avancini et al. reported Rb

at% for a CIGSe film grown via three-stage co-evaporation and subjected to RbF-PDT to

be 0.1-0.2 at%, with evaporation of ∼ 30 nm RbF [ 75 ].

Figure 6.1. (a)-(e) Plan-view and (f)-(k) cross-sectional SEM images of
CIGSSe films selenized from DAS-capped CIGS nanoparticle films at 500 °C
for 20 minutes with different evaporated RbF film thicknesses prior to seleniza-
tion: (a),(f): No RbF baseline; (b),(g) 10 nm RbF; (c),(h) 20 nm RbF; (d),(i)
30 nm RbF; (e),(j) 50 nm RbF. Scale bar is same for all images.

Figure 6.3 (a) the PL response of the films shown in Figure 6.1. Large increases in the PL

intensity for the films treated with 20 nm and 30 nm, and 50 nm RbF, compared to the 10 nm

RbF case. This suggests enhanced absorber quality and reduced non-radiative recombination

in the films. Moreover, a red-shift in the PL of the 50 nm RbF sample, compared to all the

other films, is observed. It is not clear at the moment what the source of this red shift is,
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Figure 6.2. (a) Rb at% in CIGSSe film selenized at 500 °C for 20 minutes
with different evaporated RbF thicknesses. (b) (Rb at%)/(Cu at%) of the same
films shown in (a). Elemental ratios are measured with XRF, and assumed film
is composed of Cu, In, Ga, Se, and Rb.

but similar observations were seen in that bandgap difference (from differential EQE data)

were observed as result of Na and K alkali treatments (Chapter 3). Furthermore, a widening

in the PL peak is also observed in the 50 nm RbF case, which may be due defects in the

film as a result of the elevated Rb content. That being said, it remains an area of study.

Figure 6.3 (b) shows the Raman spectra of the RbF-treated films with peaks characteristic

of chalcopyrite Cu(In, Ga)Se2 [ 66 ].

The results shown in this chapter and in Chapter 3 suggest that for low-carbon DAS-

capped CIGS nanoparticles, alkali treatments are required for a decent performing device,

and that alkali post deposition (selenization) treatments (at low temperature) to obtain the

electronic enhancements exclusively as is done in vacuum-based CIGSSe films, will not be

adequate in CIGSSe films selenized from ligand-exchanged DAS-capped CIGS nanoparticle

layers. The results above show that Rb can be utilized to obtain both the grain assisting

effects required to fully grow the films, and obtain the electronic enhancements resulting

from Rb treatments. That being said, CIGSSe devices selenized from Rb-treated DAS-

capped CIGS nanoparticles are currently an area of study.
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Figure 6.3. (a) PL spectra of CIGSSe films selenized from DAS-capped CIGS
nanoparticle film at 500 °C for 20 minutes, with different RbF film thicknesses
evaporated on the as-coated nanoparticle films. (b) Raman spectra of the films
shown in (a).

6.4 Conclusion

In this chapter, Rb treatments are applied, pre-selenization, to DAS-capped Cu(In, Ga)S2

nanoparticles. It was found that Rb, like Na and K, contributes to growth-assisting behavior

of CIGS into CIGSSe, and that a CIGSSe with larger coarsened grain size and minimal

unsintered ’fine grain’ layer is achieved with Rb treatments. Moreover, enhanced CIGSSe film

quality is obtained with Rb treatments, characterized by enhanced PL responses. CIGSSe

solar cell devices with Rb treatments are currently an area of study.
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7. PRELIMINARY WORK ON THE IMPLEMENTATION OF

A GALLIUM GRADIENT IN CIGSSE FILMS SELENIZED

FROM OLA-CAPPED CIGS NANOPARTICLES

7.1 Introduction

One of the beneficial properties of the Cu(In, Ga)(S, Se)2 system is the ability to tune

the bandgap by adjusting the gallium content, relative to indium, with pure-phase CuInSe2

and CuGaSe2 having bandgaps of 1.0 eV and 1.7 eV, respectively [ 137 ]. To date, the most

common and the most successful routes to fabricate CIGSe absorber layers are vacuum-

based processes such as the well-known three-stage co-evaporation process [ 3 ], [ 17 ], [ 33 ]. As

described in Chapter 1, the three-stage process consists of the evaporation of Cu, In, and Ga

metals, in the presence of Se, onto a Mo-coated substrate in a vacuum chamber at an elevated

temperature (T ≥ 550 °C) [ 17 ], [ 18 ]. One of the reasons that the three-stage co-evaporation

process produces high efficiency CIGSe devices is that the kinetics of the process introduces a

double gradient in Ga throughout the thickness of the film, so-called ‘double graded profile’,

where the GGI ratio (bandgap) decreases from the back contact to a minimum just before

the space-charge region, after which it increases towards the junction [ 18 ].

Having a gradient in the Ga content relative to In produces a graded bandgap variation

structure the depth of the absorber layer. This in turn produces an electrical field that drives

away the photoelectrons from regions with higher probability of surface recombination, i.e.

Mo-CIGSe and CIGSe-CdS junctions, and thus reducing interfacial recombination. However,

the larger bandgap near the junction will also lead to reduced carrier collection. That being

said, the graded bandgap also provides field-assisted carrier collection for photoelectrons

generated in the bulk region away from the SCR. The effects of Ga grading in CIGSe solar

cells is analogous to the back-surface field that is utilized in Si solar cells, where a higher

doped region close to the back contact is utilized to drive away minority carriers.

Figure 7.1 shows a simple band-diagram schematics of an ungraded, single-graded, and a

double-graded CIGSSe films, and their corresponding gallim profiles. In general, increasing
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the amounts of heavier group III elements, e.g. In, will lower the bandgap by lowering the

conduction band minimum [ 138 ].

Figure 7.1. GGI ratios as a function of CIGSe film thickness and correspond-
ing band diagrams of (a) ungraded CIGSe, (b) single graded CIGSe, and (c)
double graded CIGSe. EC, EV, and EG refer to the conduction band minimum,
valence band maximum and bandgap, respectively. Eg, min and Eg, junc refer to
the minimum bandgap in the absorber and the bandgap at the p-n junction,
respectively.

High performance CIGSe devices typically employ a ‘double graded’ structure, in which

the Ga content, or bandgap, decreases towards the space-charge region reaching a minimum

at 500 nm before the junction, and increases again towards the junction. Dullweber et

al. have shown the effect of different grading profiles on the performance CIGSe grown by

co-evaporation [ 139 ]. They have shown that devices with a single linear grading, such as the

one shown in Figure 7.1 (b), had substantial effects on both the VOC and Jsc of the final

device. The Ga grading mainly improves the open-circuit voltage of the device by decreasing

the recombination at the interfaces. However, having a large bandgap near the interface will

also lead to lower photo-carrier generation, and to a decrease in the short-circuit current.

Dullweber et al. have also shown that the Jsc of the final device is mainly determined by

the minimum bandgap (minimum Ga content) in the device, while the VOC is determined

by the bandgap at the CIGS surface (p-n interface) [ 140 ]. Varying the S-to-Se ratio can also

be used to introduce a graded bandgap profile. The world-record 23.35% CIGSSe by Solar
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Frontier employs a double graded bandgap profile using both Ga and chalcogen variation

with their Sulfurization-After-Selenization process; Ga decreases monotonically towards the

junction (single Ga gradient, Figure 7.1 (b)), while the top-layers of the film are sulfurized

in H2S, thus increasing the S-to-Se ratio, i.e. bandgap, close to the surface [  21 ], [  31 ].

For solution-processed solar cells, the 15% nanoparticle CIGSSe solar cell reported by

McLeod et al. employs an unintentional Ga single gradient, with Ga amounts higher near

the back-contact [ 47 ]. Moreover, Zhang et al. also reported an increase in efficiency of 2.5%

absolute of a double graded hydrazine-based solution-processed CIGSSe over an ungraded

device fabricated using the same manner [ 46 ]. The improvements are mainly manifested in

an increase in VOC, Jsc, and FF.

7.2 Scope of this chapter

A graded bandgap profile is a requirement for high-efficiency CIGSSe devices [  18 ]. An im-

portant feature of the three-stage co-evaporation process is that the metal deposition and film

growth occur simultaneously, and that the elemental profiles in the final film can be altered

by altering their deposition (evaporation) rates as the film is grown. In solution-processed

routes, the material (metal) deposition is done prior to film growth at high temperature. To

introduce a Ga gradient in fully-grown film, the Ga profile in the precursor film must be

designed to account for elemental diffusion that occurs in the final coarsened film, especially

when using liquid-assisted growth regimes [ 47 ], [ 55 ], [ 115 ]. The grading profile in the film

will need optimization as it is a trade-off between high current collection and high open-

circuit voltage. However, the goal of this chapter is to investigate how the Ga (bandgap)

profile develops during selenization and grain growth, when starting from the extreme case

of a bi-layer CGS/CIS nanoparticle film. The graded nanoparticle film is composed of a

thin CuGaS2 nanoparticle layer underneath a thicker CuInS2. We found that the graded

profile is annihilated during the selenization and grain growth process, and that the time

required for Ga equalization is a function of the selenization temperature, with equalization

occurring earlier in the growth process when selenized at higher temperatures. Employing a

two-step selenization and grain grain growth process was found to preserve, to a degree, the
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Ga gradient, and at the same time produce a large-grained CIGSSe film. Finally, devices

with single graded profiles are fabricated.

7.3 Methods and Materials

The methods described herein are adapted from McLeod et al. [ 47 ] and Guo et al. [ 54 ],

[ 109 ] with modifications. The experimental outline is given below.

7.3.1 Nanoparticle Synthesis

Graded Cu(In, Ga)(S, Se)2 absorber layers were fabricated from thermally sintering stacked

nanoparticle layers of CuGaS2 (CGS) and CuInS2 (CIS) in the presence of excess sele-

nium. The CGS and CIS nanoparticles were synthesized in separate hot-injection reactions.

Reagents used in nanoparticle synthesis are sulfur (99.99%, Sigma Aldrich), copper(II) acety-

lacetonate (Cu(acac)2, 99.9%, Sigma-Aldrich), indium acetylacetonate (In(acac)3, 99.99%,

Sigma-Aldrich), gallium acetylacetonate (Ga(acac)3, 99.99%, Sigma Aldrich), oleylamine

(OLA, ≥ 98% primary amines, Sigma Aldrich). All reagents were stored in a nitrogen-filled

glovebox, and were used as received with the exception of oleylamine. The OLA was first

degassed via freeze-pump-thaw process, and then stored in a N2-filled glovebox. In the CIS

nanoparticle synthesis, a three-neck flask containing 1.38 mmol of Cu(acac)2, 1.5 mmol of

In(acac)3, and 12 ml of degassed OLA was prepared and sealed in a N2-filled glovebox.

Simultaneously, a 6 ml solution of sulfur in oleylamine (S-OLA) solution (1 M) was also

prepared in a separate flask and sealed in a N2-filled glovebox. The two flasks were taken

out of the glovebox, and the three-neck flask was attached to a Schlenk line, and set on a

stir plate and a heating mantle. The 15 ml flask was stirred and kept on a hotplate at 65 °C

to dissolve all the sulfur.

To ensure an inert atmosphere during the reaction, a total of six vacuum/Ar purge cycles

were performed on the metal-OLA solution in the flask, three of vacuum/Ar purge cycles

were conducted at room temperature, and the other three were performed at 140 °C. After

the sixth Ar purge cycle at 140 °C, the reaction temperature was increased to 285 °C. At

285 °C, 4.5 ml of the 1 M S-OLA solution was injected into the flask containing the metal
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salts and oleylamine. The temperature of the flask was maintained at 285 °C for 30 minutes

under an inert Ar atmosphere. After the reaction, the heating mantle was removed and

the flask was cooled naturally to room temperature, also under Ar atmosphere. During the

initial Ar purges, heat up, reaction, and cooldown segments, the flask contents were stirred

with a magnetic stir bar at 800 rpm.

The reaction product was then extracted from the flask and mixed with a solution of

hexanes and alcohols (isopropanol and methanol), and centrifuged three times to remove

excess OLA and any unreacted precursors. The nanoparticles were then dried under inert

Ar for 20 minutes, and subsequently stored in an inert atmosphere.

CGS nanoparticles are synthesized using the same method and process as the CIS

nanoparticles, with the only change being the replacement of In(acac)3 by Ga(acac)3.

7.3.2 Nanoparticle Film Coating and Growth

The synthesized CIS and CGS nanoparticles were suspended in hexanethiol forming the

CIS and CGS colloidal nanoparticle inks, respectively. The concentration of the nanoparticle

suspension is 250 mg/ml for the CIS nanoparticle ink and 236 mg/ml for the CGS nanopar-

ticle ink. Figure 7.3 (a) shows a schematic of the nanoparticle film stack. The nanoparticle

film was formed by coating four layers of 15 µl each of the nanoparticle ink onto a Mo-coated

soda lime glass substrate using the doctor blade technique. To achieve the Ga gradient in

the nanoparticle film, 15 µl of CGS nanoparticle ink is coated as the bottom layer. The top

three layers were coated with 15 µl of CIS nanoparticle ink each. After each coating, the

film was heated at 300 °C to evaporate the hexanethiol and excess organics. The CIS and

CGS nanoparticles were OLA-capped, and used as-synthesized without a ligand exchange

procedure. Prior to selenization 20 nm of NaF is evaporated onto the nanoparticle film via

electron-beam evaporation to enhance grain growth [ 55 ], [ 56 ], [ 112 ]. The graded nanoparticle

films were selenized in the rapid thermal processing furnace (RTP) as outlined in Chapter

5, and Appendix A.
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7.3.3 Device Fabrication

For device fabrication, 50 nm of CdS was deposited onto the selenized CIGSSe films

via chemical bath deposition to form the p-n junction. Following, 80 nm of ZnO and 220

nm indium-doped tin oxide TCO layers were deposited by RF sputtering. Lastly, devices

were finished with deposition of Ni-Al metallic grids via e-beam evaporation. No MgF2

anti-reflective coating is used.

7.3.4 Characterization

Theta-2theta powder x-ray diffraction is performed using a Rigaku SmartLab Diffrac-

tometer in Bragg- Brentano mode with Cu Kα radiation at 40 kV and 44 mA. FEI Quanta

3D FEG Dual-beam scanning electron microscope (SEM) with an energy dispersive X-ray

(EDS) detector was used for imaging top-down and cross-sectional images of the films, as

well as to conduct EDS elemental analysis of the films. All measurements were taken at

room temperature. Unless otherwise stated, all EDS line-scans were performed using 10 keV

accelerating voltage, and utilizing L-lines exclusively for In and Ga to reduce probed depth.

Cross-sectional EDS linescans compositions for each film are average values of compositions

from three different regions of the each respective film.

7.4 Results

Figure 7.2. (a) Diagram of the graded nanoparticle film stack. (b) SEM
cross-sectional image of the nanoparticle film stack.

120



Figure 7.3 (a) shows a schematic of the graded nanoparticle film composed of a thin layer

of CuGaS2 below a thick layer of CuInS2. Figure 7.3 (b) shows an SEM cross-sectional image

of graded film prior to growth. The film is relatively flat with a thickness of ≈2 µm. Figure

7.3 (a) shows the XRD pattern of the as-coated nanoparticle film, with peaks attributed to

chalcopyrite CuInS2 and CuGaS2, with no other crystalline phases observed. Figure 7.3 (b)

shows the [Ga]/[In]+[Ga] (GGI) and [In]/[Ga]+[In] ratios, extracted from EDS line scans of

the film cross-section, as a function of thickness of the as-coated nanoparticle film showing

a sharp decrease in Ga towards the film surface. Note that the theoretical spatial resolution

of the EDS scan at 10 keV accelerating voltage (used here) is ≈ 400 nm.  

1
 .

Figure 7.3. (a) XRD pattern of as-coated graded nanoparticle film, with
CuInS2 and CuGaS2 references. (b) [Ga]/[In]+[Ga] and [In]/[Ga]+[In] as func-
tion of the film thickness, extracted from EDS linescans of the film cross-
section.

To investigate how the Ga gradient develops during selenization, the nanoparticle film is

selenized for 2 minutes, 4 minutes, and 10 minutes at 500 °C and 550 °C sample temperatures.

The sample was selenized in a three-zone rapid thermal processing furnace (shown in Chapter

5. See Appendix A for a representative temperature-time plot of an RTP run). During the
1Calculated using CASINO electron trajectory simulation software, made available by Dominique Drouin of
the University of Sherbrooke [ 141 ]
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run, the Se temperature is maintained 25 °C higher than the sample to ensure adequate

Se delivery to the film. After the selenization run, the substrate is cooled naturally (≈ 25

°C/min) using the RTP.

Figure 7.4 (a), (b), and (c) show the [Ga]/[In]+[Ga] ratio with respect to the depth of the

film for selenized for 2, 4, and 10 minutes, respectively, at 500 °C substrate temperature. In

the 2-minute selenized sample (Fig 7.5 (a)), the Ga (GGI) profile is shallower compared to

the precursor nanoparticle film (Fig. 7.4 (b)), indicating that as the selenization and grain

growth proceeds, Ga is diffusing within the film. As the selenization duration increases to

4 minutes (Fig 7.5 (b)), the Ga gradient is reduced significantly across the film thickness as

the Ga profile is equilibrated due to metal diffusion during the high-temperature treatment.

For the 10-minute selenization condition (Fig. 7.5 (c)), the Ga gradient is almost annihilated

across the thickness of the film. However, an ’inversion’ in the Ga gradient is observed, with

the [Ga]/[In]+[Ga] increasing towards the surface of the film rather than decreasing. The

source of this ‘inversion’ of the grading is not entirely clear. It may be a result of how grain

growth starts and proceeds in OLA-capped sulfide-based nanoparticle films [  55 ], [ 115 ]. As

the selenide grains nucleate on the surface of the film, metals (Cu, In, Ga) diffuse from the

bulk towards the surface and incorporate into the growing front [ 55 ].

Figure 7.4. [Ga]/[In]+[Ga] ratios as a function of thickness of CIGSSe films
selenized from a graded CIGS nanoparticle film at 500 °C with Se at 525 °C
for (a) 2 minutes, (b) 4 minutes, and (c) 10 minutes. In all plots, zero point
on the x-axis refers to the Mo-CIGSSe interface.
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Figure 7.5 (a), (b), and (C) show the [Ga]/[In]+[Ga] ratio with respect to the depth of

the film for selenized for 2, 4, and 10 minutes, respectively, for nanoparticle films selenized

at 550 °C, with Se at 575 °C. Similar observations as in the 500 °C set of samples (Fig

7.5) can be deduced for the 550 °C case. The gallium diffuses throughout the film, and the

grading is annihilated earlier when compared to the 500 °C set. This is expected due to

the increased diffusion rate at the higher temperature. The Ga content throughout the film

is almost uniform even for the 2-minute selenized sample. By reaching 4-minutes, the Ga

profile is flat, and no grading can be observed from EDS data indicating that the Ga content

is uniform throughout the entire film. The Ga profile in the film that was selenized for 10

minutes does not show any appreciable difference from the sample selenized for 4 minutes

indicating an equilibrium state is reached within 4 minutes of selenization at 550 °C.

Figure 7.5. [Ga]/[In]+[Ga] ratios as a function of thickness of CIGSSe films
selenized from a graded CIGS nanoparticle film at 550 °C with Se at 575 °C
for (a) 2 minutes, (b) 4 minutes, and (c) 10 minutes. In all plots, zero point
on the x-axis refers to the Mo-CIGSSe interface.

7.5 Discussion

The preceding results suggest that during selenization and grain growth of OLA-capped

CIGS nanoparticles into coarsened CIGSSe grains, Ga diffusion and equalization within

the film occurs early during film growth, earlier than the full coarsening of the film. This

issue is not observed in the three-stage co-evaporation process where a single Ga gradient is
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developed (at the end of the Cu-rich second stage) due to the lower diffusion of Ga in the

film compared to In [ 142 ]–[ 144 ]. In the present case, the fact that a precursor film has to be

deposited prior to selenization and grain growth presents challenges as diffusion of metals has

to be taken into account. Moreover, the ’top down’ growth behavior of CIGS nanoparticles

also influences the gradient development. Hages et al. and McLeod et al. have suggested

that during the selenization of OLA-capped nanoparticles, liquid-phase selenium penetrates

the film through capillaries in the film [ 55 ], [ 115 ]. Metals would then diffuse through the

liquid Se in the nanoparticle towards the surface and incorporate into the growing grains,

and simultaneously rejecting carbon towards the bottom of the film [ 55 ], [ 115 ]. This is in

contrast to bulk-growth seen in vaccuum-based CIGSe growth [ 144 ]. Zhang et al. did show

that solution-processed CIGSSe cell fabricated using the hydrazine route also retained the

Ga gradient post-selenization [ 46 ]. However, their exact selenization method and conditions

are not reported [ 46 ].

7.6 Two-step Selenizations

The current hypothesis is that the annihilation of the gradient after selenization may be

a result of top-down growth behavior observed in sulfide-based nanoparticle selenization and

growth growth. The selenization and grain growth of sulfide-base Cu(In, Ga)S2 is a two step

process: the first is the selenization step in which the sulfide Cu(In, Ga)S2 is converted to

selenide Cu(In, Ga)Se2, and the second is the coarsening of the selenide Cu(In, Ga)Se2 into

large grains. The top-down growth regime has been suggested to be a result of the sulfide to

selenide transition, as the sulfide CIGS breaks down and re-constitutes into selenide CIGSe,

and that grain growth happens at a free surface in the presence of Se [  55 ], [  115 ].

The hypothesis is that conducting the selenization and grain growth steps separately as

a two-step process will suppress some of the intermixing. The anneling process will consist

of a low temperature selenization step (pre-growth step), and a high temperature grain

growth step (growth-step). The initial CIGS nanoparticle film is relatively porous allowing

liquid Se to penetrate into the film, which would accelerate diffusion and intermixing [ 55 ],

[ 115 ]. In low-temperature selenization (pre-growth) step, the film is converted from sulfide

Cu(In, Ga)S2 to selenide Cu(In, Ga)(S, Se)2, and the nanoparticle film is coarsened to reduce
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its porosity. In the high temperature step, grain growth occurs. Diffusion is hypothesized to

be reduced due to lower liquid Se penetration into the film because of the lower porosity.

7.6.1 Pre-Growth Stage

To investigate the pre-growth step and its impact on the gradient development, a graded

CIGS nanoparticle film is selenized at temperatures (300 °C ≤ Tsample ≤ 450 °C) for 5

minutes, with Se 10 °C higher than the sample temperature. Figure 7.6 shows the SEM plan

view and cross-sectional images of CIGSSe films subjected to the pre-growth conditions. In

the 300 °C, 350 °C, and 400 °C, very little nucleation is seen on the surface of the films, and

no grains can be seen in the cross-section of the films. However, in the 450 °C condition, grain

nucleation can be observed on the film surface, similar to what is observed during the initial

stages of liquid-assisted grain growth of CIGS nanoparticles into CIGSe coarsened grains

[ 55 ]. Figure 7.7 shows the XRD patterns of the films after pre-growth treatments. At 300 °C

and 5 minutes pre-growth condition, very little change is observed in the crystallinity (peak

FWHM), and no shift towards low 2-theta corresponding to CIGS to CIGSe is observed.

At 350 °C, peaks at lower 2-theta degree begin to appear indicating formation of selenide

CIGSe, along with presence of sulfide CIGS. At 400 °C, the selenide peak is sharper indicating

increased crystallinity of the selenide phase. At 450 °C, 5 minutes, the sulfide-to-selenide

transition is complete, as shown by the (112) and (220/204) peaks in the PXRD pattern at

26.8°and 44.8°, respectively. Figure 7.8 shows the GGI profile of the films shown in Figure

7.6. In all pre-growth temperature conditions, the gradient is retained. With the exception

of the 450 °C condition, little change in the Ga profile is observed, compared to the precursor

nanoparticle film shown in Figure 7.3 (b).

Selenizing the sulfide-based graded nanoparticle film at 400 °C for 5 minutes results in a

selenide film with minimal nucleation on the surface and in the bulk, while also maintaining

the gallium profile. Pre-growth at 400 °C (Se at 420 °C) is further explored. Figure 7.9 shows

the SEM plan-view and cross-sectional images of CIGSSe films subjected to annealing in a

Se atmosphere at 400 °C (Se at 420 °C) for 3, 10, and 20 minutes. In the 3-minute (Figure

7.9 (a),(d)) and 5-minute (Figure 7.6 (c),(g)) conditions, only minimal surface nucleation is

observed, whereas formation of a thin coarsened layer can be seen in the 10 and 20 minutes
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Figure 7.6. Plan view and cross-sectional SEM images of CIGSSe films sel-
enized from a CIGS nanoparticle film for 5 minutes at (a),(e) 300 °C; (b),(f)
350 °C; (c),(g) 400 °C; and (d),(h) 450 °C. In all conditions, Se temperature is
20 °C higher than the sample temperature.

conditions. Figure 7.10 shows the PXRD patterns of the films shown in Figures 7.7 (c),(g)

and 7.10. The 10 and 20 minute conditions show are significantly more crystalline than the

3 and 5-minute conditions, with sharper and more prominent peaks. CISe and CGSe phase

segregation is still present as shown by shoulder peak at ∼ 28°in Figure 7.10. Figure 7.11

shows the GGI ratios of the CIGSSe films shown in Figure 7.9 and 7.7 (c),(g), extracted from

EDS data. In all durations, the Ga gradient is still present and not completely annihilated.

However, small amounts of Ga can be detected on the surface of the films for the 10 and

20-minute conditions.

The goal of the pre-growth step is to convert the sulfide film to selenide, while minimizing

Ga diffusion within the film at this stage. The 400 °C, 5 minute condition is suitable as we

observe CIGS-to-CIGSe conversion while still maintaining the Ga profile in the film.

7.6.2 Grain Growth Stage

The goal of the grain growth stage in the present context is to coarsen the film (minimize

grain boundaries) and preserve the Ga gradient. To investigate the behavior of Ga and the

development of the Ga grading as the sample is heated to T ≥ 500 °C, a set of different

grain growth conditions were attempted: 500 °C, 15 minutes; 550 °C, 5 minutes; and 550
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Figure 7.7. PXRD patterns of CIGSSe films subjected to a pre-growth anneal-
ing step in the RTP at different temperatures for 5 minutes. In all conditions,
the Se temperature is set 20 °C higher than the sample. PXRD pattern of
sulfide nanoparticle film is also added for comparison.

°C, 10 minutes. In all conditions, the Se temperature is set 10 °C higher than the sample

temperatures, and all sample conditions were subjected to a pre-growth stage of 400 °C (Se

at 420 °C) for 5 minutes. Figure 7.12 shows a representative temperature heating profile.

Figure 7.13 shows the SEM plan-view and cross-sectional images of the different grain

growth conditions attempted, while Figure 7.14 shows the GGI ratios of the various condi-

tions, extracted from EDS measurements on the film’s cross-section. The Cu(In, Ga)(S, Se)2

films obtained at the end of the grain growth stage show a film with bi-layer morphology

that is characterized by large-sized grains (especially the samples that were grown at 550

°C) that span most of the thickness of the film, atop a fine grain layer. EDS measurements

of the GGI ratio show that for the 15-min, 500 °C and the 10-min 550 °C conditions, the

initial Ga profile that was present before the second stage (Figure 7.11 (b)) is annihilated,

and that the same Ga inversion is seen here, as was present in the single step 10-min, 500

°C condition (Figure 7.4 (c)). The GGI profile for the 5-min, 550 °C condition (Figure 7.14

(c)) does exhibit a Ga-graded profile decreasing towards the surface of the film, while its film
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Figure 7.8. [Ga]/[In]+[Ga] profiles of CIGSSe film selenized from a graded
CIGS nanoparticle film annealed in a Se atmosphere for 5 minutes at (a) 300
°C, (b) 350 °C, (c) 400 °C, and (d) 450 °C. In all conditons, Se temperature is
20 °C higher than the sample temperature.

morphology is characterized by a coarsened CIGSSe layer (Figure 7.13 (b),(e)). Comparing

the GGI ratios of the films that were selenized via the two-step growth (Figure 7.14 (b))

to the films that were selenizied via a single step (Figure 7.4 and Figure 7.5) suggest that

diffusion is reduced, while film morphologies are representative of a fully coarsened CIGSSe

film.

Implementing a Ga gradient to a film that is selenized and grown after the whole precursor

film is coated (i.e. overall material of the film is present when the film is grown) is challenging.

One approach to mitigate this is to alternate between coating and annealing for each layer,

with different layers having different GGI ratios, similar to what is demonstrated by Zhang

et al.[ 46 ]. However, the presence of carbon in the film would render this approach difficult

to implement for OLA-capped nanoparticles as the excess carbon from the oleylamine would

segregate in between different layers. A possible solution is to rely is utilize ligand-exchanged

nanoparticles that contain minimal amounts of carbon, or to utilize a moelcular precursor

approach rather than a nanoparticle-based approach.

7.7 Device Performance

Devices were fabricated using the conventional stack Mo/CIGSSe/CdS/i-Zno/ITO/Ni-

Al. Figure 7.15 shows the illuminated J-V plots of an ungraded CIGSSe film compared to
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Figure 7.9. SEM plan-view and cross-sectional images of CIGSSe film se-
lenized from a graded CIGS nanoparticle film at 400 °C (Se at 420 °C) for
(a),(d) 3 minutes; (b),(e) 10 minutes; and (c),(f) 20 minutes.

a graded film with the same thickness (SEM cross-sectional images of the absorber layer is

shown in Figure (b),(e)). The graded device shows higher short-circuit current density (31.2

mA/cm2) compared to the ungraded device (29.8 mA/cm2), however the open circuit voltage

and the fill factor are higher in the ungraded device. Figure 7.16 shows EQE and differential

EQE data for both devices. The graded device shows higher current collection in the low-

energy (high wavelength) regions, compared to the ungraded case. The effective bandgap of

the device can be estimated from the inflection point, in the vicinity of the bandgap, of the

EQE vs. wavelength plot, i.e. the maximum in a plot of |d(EQE)/dλ vs. wavelength [ 56 ],

[ 115 ]. The estimated bandgap is 1.13 eV and 1.18 eV for the graded and ungraded cases,

respectively.

The higher Jsc and higher current collection in the graded case may be explained by its

lower bandgap compared to the ungraded case. However, the effective bandgap extracted

from EQE data represents the minimum bandgap in the absorber film, i.e. the bandgap that

corresponds to the lowest GGI ratio within the film [ 140 ]. Since both films have similar GGI

ratios (from EDS and XRD data), it can be deduced that the increased current collection is
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Figure 7.10. PXRD patterns of CIGSSe films subjected to a pre-growth
annealing step in the RTP at 400 °C, with Se at 420 °C, for different durations.

due to the presence of a Ga grading within the film. That also explains the low VOC value of

the graded film as the films in the present case are single-graded, and the VOC of the device

is determined by the bandgap at the p-n (CIGS-CdS) interface [ 140 ]. Table 7.1 summarizes

device performance data for each condition.

Table 7.1. Device performance parameters for CIGSSe devices selenized from
a graded and an ungraded nanoparticle layer. All efficiencies are based on total
cell area. No MgF2 anti-reflective coating is used.

Condition η (%) VOC (V) Jsc (mA/cm2) FF (%) Eg,min (eV)
Graded 2 µm 7.0 0.44 31.2 50.7 1.13

Ungraded 2 µm 9.5 0.54 29.8 58.8 1.18

7.8 Conclusion

Preliminary investigation on the development of single Ga gradient during the selenization

process was conducted. Starting from an extreme case of bi-layer CuGaS2 and CuInS2
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Figure 7.11. [Ga]/[In]+[Ga] profiles of CIGSSe film selenized from a graded
CIGS nanoparticle film at 400 °C (Se at 420 °C) for (a) 3 minutes, (b) 5
minutes, (c) 10 minutes, and (d) 20 minutes.

nanoparticle film, it was found that the Ga profile that is present in the film is annihilated

relatively fast during the selenization and grain growth process. Ga equalization was found

to be a function of the anneal temperature and duration, with higher temperatures leading

to faster elemental equalization within the film. The hypothesis is that the annihilation is

caused by the very high rates of metal diffusion at the high temperatures used in the grain

growth process.

Pre-annealing the nanoparticle film at a lower temperature prior to growth has shown to

be effective in slowing the elemental diffusion within the film and in preserving the gradient.

The hypothesis is that the pre-annealing coarsened the film reducing its porosity, which

would reduce liquid Se penetration into the film, and thus reduce elemental diffusion. The

two-step annealing resulted in a film characterized by large grains, and a bi-layer morphology

consisting of a single-grain coarsened layer above a carbonaceous fine grain layer. Fabricating

devices, it was found that the graded film has higher current collection due to the gradient,

but lower VOC and FF.
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Figure 7.12. Temperature profile of a selenization and grain growth exper-
iment conducted in the RTP of CIGSSe film selenized from a grade CIGS
nanoparticle via two-step annealing, with the first step conducted at 400 °C
(Se at 420 °C), for 5 minutes; and the second step at 500 °C (Se at 510 °C),
for 15 minutes. Ar flow is set at 0.3 l/min during both heating steps.
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Figure 7.13. SEM plan-view and cross-sectional images of CIGSSe films
selenized from a graded CIGS nanoparticle film via two-step selenization with
different grain growth step conditions: (a), (d) Sample at 500 °C, Se at 510
°C, for 15 minutes; (b), (e) Sample at 550 °C, Se at 560 °C, for 5 minutes;
(c), (f) Sample at 550 °C, Se at 560 °C, for 10 minutes. In all conditions, the
pre-growth step is at 400 °C (Se at 420 °C) for 5 minutes. All films had 20 nm
NaF evaporated prior to selenization.

Figure 7.14. [Ga]/[In]+[Ga] ratios of CIGSSe films selenized from a graded
CIGS nanoparticle film via two-step selenization with different grain growth
step conditions: (a) Sample at 500 °C, Se at 510 °C, for 15 minutes; (b) Sample
at 550 °C, Se at 560 °C, for 5 minutes; and (c) Sample at 550 °C, Se at 560 °C,
for 10 minutes. In all conditions, the pre-growth step is at 400 °C (Se at 420
°C) for 5 minutes. All films had 20 nm NaF evaporated prior to selenization.
Zero-distance indicate the CIGSSe-Mo interface.
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Figure 7.15. Illuminated current-voltage plots of CIGSSe devices fabricated
from a 2 µm Ga-graded CIGSSe film and a 2 µm ungraded CIGSSe film. Both
films were selenized using the same manner.

Figure 7.16. (a) EQE vs. wavelength plots of CIGSSe devices fabricated
from a 2 µm Ga-graded CIGSSe film and a 2 µm ungraded CIGSSe film. (b)
|d(EQE)/dλ| vs. wavelength for the films shown in (a).
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8. SUMMARY AND FUTURE RESEARCH

8.1 Summary of Key Results

In this dissertation, effects of different alkali treatments on nanoparticle-based solution-

processed Cu(In, Ga)(S, Se)2 films and devices were presented. These treatments have led

to improvements in both the film morphology and in the optoelectronic performance of

solution-processed nanoparticle-based CIGSSe films and devices. Starting with potassium,

it was found that the treatment of the CIGS nanoparticle film prior to selenization has

led to considerable improvements in the performance of CIGSSe devices fabricated from

the K-treated films. These improvements are explained through enhanced grain growth,

enhanced film bulk properties, and presence of a K-In-Se phase on the surface. Furthermore,

a potassium post-deposition (selenization) was found to be a necessary condition for Cu and

Ga surface depletion. Cu depletion represents one of the benefits gained from potassium

treatments in vacuum-based CIGSe absorbers in that it increases the tolerance for thinning

the CdS n-type layer [ 12 ].

Moving on onto the low-carbon sulfide-capped Cu(In, Ga)S2 nanoparticles, growth stag-

nation and limited surface nucleation was observed when sintering and growing sulfide-

capped CIGS nanoparticle films. It was found that the addition of alkali treatments into the

system enhances the growth considerably, with dense coarsened CIGSe films with a cross-

sectional morphology characterized by single grains that span the thickness of the film are

obtained. Rubidium treatments on sulfide-capped CIGS nanoparticle were also investigated.

It was observed that Rb, like Na, does show growth assisting behavior. Moreover, enhanced

film quality and bulk properties as a result of rubidium treatments were also observed.

The results shown in the previous section offer insights into the growth of nanoparticle-

based CIGSSe films, and the effects of different alkalies on the growth and properties of

the CIGSSe absorber film. Knowing how the absorber film will grow and develop from a

precursor nanoparticle film into a fully coarsened selenide CIGSe (CIGSSe) film under various

conditions, especially in the presence of externally-added alkali, is needed to enhance the

performance of nanoparticle-based CIGSSe.
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8.2 Suggested Future Research

8.2.1 Heavy Alkali Post-Deposition Treatments

In Chapter 3, Cu and Ga surface depletion were found to require post-selenization treat-

ments. Reducing the thickness of the CdS buffer layer for CIGSe films with a Cu depleted

surface represents one of the benefits of heavy alkali treatments on CIGSSe devices. However,

application of heavy alkali PDT onto solution-processed CIGSSe films remains challenging

in that the selenized CIGSSe film needs to be transferred from the annealing furnace to the

apparatus with which the alkali treatment is applied and back. This transfer will potentially

increase the probability of film oxidation as the selenized film is exposed to ambient air. One

approach to remove the potential oxide from the film surface is to anneal the film after the

heavy alkali PDT in a reducing atmosphere, e.g. H2 or H2S.

The use of alkali PDT may also be combined with the surface sulfurization of the CIGSSe

film. Surface sulfurization of CIGSSe films has been used extensively, most notably by Solar

Frontier in their 23.35% CIGSSe world record [  21 ]. Surface sulfurization is one of the methods

to apply a front bandgap grading. Sulfurizing the CIGSe film surface increases the bandgap

in the near-surface region of the CIGSSe film aiding in the passivation of the CIGSSe/CdS

interface. A proposed process combining heavy alkali PDT and surface sulfurization is shown

on Figure 8.1. A fully coarsened CIGSSe film is subjected to a heavy alkali (K, Rb, Cs)

post-selenization treatment either through evaporation or through a solution-based approach.

After the PDT, the film is annealed in a hydrogen sulfide atmosphere to reduce and sulfurize

the surface forming a high-bandgap S-rich layer at the top of the film.

8.2.2 Selenide-Based Precursors

In most of the solution-processed CIGSSe literature, the selenide film is grown from

sulfide-based precursor films. This film structure induces top-down growth in that the growth

will start at the free surface at the top of the film and continue downwards towards the bottom

of the film [ 55 ]. Inhibiting top-down growth and relying on a growth regime through bulk

film coarsening, i.e. grains will grow from the film bulk in all directions, will potentially lead

to CIGSe films with flatter surfaces. Flatter film surface improving the interface with the

136



n-type layer and subsequent window layer. Furthermore, CIGSSe films with flatter surfaces

will enable their use in a tandem solar cell structure, e.g. CI(G)Se/perovskite tandem. One

of the highest efficiency solution-processed CIGSSe films, fabricated from a hydrazine-based

ink, is grown via a bulk-coarsening regime [ 46 ].

The current hypothesis is that enabling bulk film growth requires removing sulfur from

the system and staring from a pure selenide precursor film. This would enable the film to

sinter and bulk coarsen, rather than breakdown and reconstitute as selenide CIGSSe, as what

is occurring during the selenization and growth of sulfide-based precursor films [ 55 ], [  115 ],

[ 132 ]. Pure selenide CIGSe films may either be ligand-exchanged Cu(In, Ga)Se2 nanoparticle

films, or precursor films coated from a selenide-based molecular precursor ink.

Another approach is to mimic the successful vacuum-based three stage process using a

solution-based route. A three stage-coating/annealing process may be devised. a molecular

precursor ink of In, Ga and Se is deposited onto a Mo-coated substrate, followed by annealing

the film in a Se atmosphere at (300 - 350 °C) forming a film of (In, Ga)2Se3. After which, a

second layer of a Cu-Se-based ink is coated onto the (In, Ga)2Se3 film and then annealed in

excess Se atmosphere at temperatures of 550-600 °C, forming a Cu-rich CIGSe film. Finally,

the third stage consists of a coating/annealing stage of an In, Ga and Se ink at 550-600 °C,

forming the final Cu-poor CIGSe film.
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Figure 8.1. Diagram of proposed process of heavy alkali (K, Rb, Cs) PDT
and subsequent surface sulfurization.
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[12] A. Chirilă, P. Reinhard, F. Pianezzi, P. Bloesch, A. R. Uhl, C. Fella, L. Kranz, D.
Keller, C. Gretener, H. Hagendorfer, D. Jaeger, R. Erni, S. Nishiwaki, S. Buecheler,
and A. N. Tiwari, “Potassium-induced surface modification of Cu(In, Ga)Se2 thin
films for high-efficiency solar cells,” Nature Materials, vol. 12, no. 12, pp. 1107–1111,
2013. doi:  10.1038/nmat3789 .

[13] T. Feurer, B. Bissig, T. P. Weiss, R. Carron, E. Avancini, J. Löckinger, S. Buecheler,
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A. APPENDIX: RAPID THERMAL PROCESSING FURNACE

EXPERIMENTAL DETAILS

Temperature profiles of representative RTP runs are given below. Tsample and TSe denote the

sample and selenium temperatures; see Figure A.1 for temperature measurement positions

on RTP diagram, and Figure A.2 for an image of graphite tray with the sample placed along

with the glass shims.

Figure A.1. Rapid thermal processing furnace diagram with Tsample and TSe denoted.

Figure A.2. (Right) Image of graphite tray used in RTP, on which the sample
and Se are placed. (Left) CIGS nanoparticle film placed on Zone 1, along with
glass shims to control the flow.
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A.1 Representative Temperature Profiles

Figure A.3. Representative temperature-time and Ar flow-time profiles of an
RTP run. Sample was selenized at 500 °C, with Se at 525 °C for 15 minutes.
Furnace is cooled in a controlled manner ensuring that the Se is always hotter
than the sample, until 300 °C. Ar flowrate was set at 0.1 l/min during the
selenization and controlled cool stages.
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Figure A.4. Representative temperature-time and Ar flow-time profiles of an
RTP run. Sample was selenized at 500 °C, with Se at 525 °C for 15 minutes.
Furnace is cooled in a controlled manner ensuring that the Se is always hotter
than the sample, until 300 °C. Ar flowrate was set at 0.6 l/min during the
selenization and controlled cool stages.

Figure A.5. Representative temperature-time and Ar flow-time profiles of an
RTP run. Sample was selenized at 550 °C, with Se at 575 °C for 10 minutes.
Furnace is cooled in a controlled manner ensuring that the Se is always hotter
than the sample, until 300 °C. Ar flowrate was set at 0.1 l/min during the
selenization and controlled cool stages.
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Figure A.6. Representative temperature-time and Ar flow-time profiles of an
RTP run. Sample was selenized at 550 °C, with Se at 575 °C for 10 minutes.
Furnace is cooled in a controlled manner ensuring that the Se is always hotter
than the sample, until 300 °C. Ar flowrate was set at 0.3 l/min during the
selenization and controlled cool stages.

Figure A.7. Representative temperature-time and Ar flow-time profiles of
an RTP run. Sample was selenized at 500 °C, with Se at 525 °C for 15 min-
utes. Furnace is cooled naturally. Ar flowrate was set at 0.3 l/min during the
selenization.
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