
 
 

Environmentally friendly 
nanocrystals synthesized and 

processed in ambient conditions 
for solution-processed solar cells 

 
M. Zafer Akgul 

 
 
ADVERTIMENT La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents 
condicions d'ús: La difusió d’aquesta tesi per mitjà del repositori institucional UPCommons       
(http://upcommons.upc.edu/tesis)  i el repositori  cooperatiu TDX   ( h t t p : / / w w w . t d x . c a t / ) ha 
estat autoritzada pels titulars dels drets de propietat intel·lectual únicament per a usos privats  
emmarcats en activitats d’investigació i docència. No s’autoritza la seva reproducció amb finalitats 
de lucre ni la seva difusió i posada a disposició des d’un lloc aliè al servei UPCommons o TDX. 
No s’autoritza la presentació del seu contingut en una finestra o marc aliè a UPCommons 
(framing). Aquesta reserva de drets afecta tant al resum de presentació de la tesi com als seus 
continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
  
 
ADVERTENCIA La consulta de esta tesis queda condicionada a la aceptación de las siguientes 
condiciones de uso: La difusión de esta tesis por medio del repositorio institucional UPCommons 
(http://upcommons.upc.edu/tesis) y el repositorio cooperativo TDR (http://www.tdx.cat/?locale- 
attribute=es) ha sido autorizada por los titulares de los derechos de propiedad intelectual 
únicamente para usos privados enmarcados en actividades de investigación y docencia. No  
se autoriza su reproducción con finalidades de lucro ni su difusión y puesta a disposición desde  
un sitio ajeno al servicio UPCommons No se autoriza la presentación de su contenido en una 
ventana o marco ajeno a UPCommons (framing). Esta reserva de derechos afecta tanto al 
resumen de presentación de la tesis como a sus  contenidos. En la utilización o cita de partes     
de la tesis  es obligado  indicar  el nombre de la persona autora.  
 
 
WARNING On having consulted this thesis you’re accepting the following use conditions: 
Spreading this thesis by the institutional repository UPCommons (http://upcommons.upc.edu/tesis) 
and the cooperative repository TDX (http://www.tdx.cat/?locale- attribute=en) has been authorized 
by the titular of the intellectual property rights only for private uses placed in investigation and 
teaching activities. Reproduction with lucrative aims is not authorized neither its spreading nor 
availability from a site foreign to the UPCommons service. Introducing its content in a window or 
frame foreign to the UPCommons service is not authorized (framing). These rights affect to the 
presentation summary of the thesis as well as to its contents. In the using or citation of parts of the 
thesis it’s obliged to indicate the name of the author. 
 

http://upcommons.upc.edu/tesis
http://www.tdx.cat/
http://upcommons.upc.edu/tesis)
http://www.tdx.cat/?locale-attribute=es
http://www.tdx.cat/?locale-attribute=es
http://upcommons.upc.edu/tesis
http://www.tdx.cat/?locale-attribute=en
http://www.tdx.cat/?locale-attribute=en


Environmentally friendly nanocrystals

synthesized and processed in ambient

conditions for solution-processed solar

cells

M. Zafer Akgul

ICFO - The Institute of Photonic Sciences
Barcelona, 2020





Environmentally friendly nanocrystals

synthesized and processed in ambient

conditions for solution-processed solar

cells

M. Zafer Akgul

under the supervision of

Professor Gerasimos Konstantatos

submitted this thesis in partial fulfillment

of the requirements for the degree of

Doctor

by the

Universitat Politècnica de Catalunya
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Abstract

Due to the continuously increasing energy demand and the environmental concerns

about climate changes raised by international community, alternative energy resources

have been put under intense investigation for the past decade. As a consequence, dif-

ferent technologies have been proposed, photovoltaics being a promising one among

them. Till now, different structures and methods have been employed to fabricate

photovoltaics for energy production. Traditionally, vacuum-based deposition methods

have been used to form the stacks required for proper photovoltaic operation. Triggered

by the advancements in colloidal synthesis methods, thin films of colloidal semiconduc-

tor nanocrystals (CNCs) have gained tremendous attention as cheap substitutes for

vacuum-deposited layers. Up to date, various colloidal synthesis methods have been

developed to produce semiconductor nanocrystals for applications in photovoltaics.

Thanks to the high degree of controllability and high material quality, hot injection

methods have been the way-to-go for the past decades. However, the application of

CNC films in large-scale photovoltaics has been delayed due to the synthesis constraints

originating from hot injection methods itself.

In this work, we demonstrate that it is possible to eliminate the need for air-free

techniques by careful selection of the precursors and oxygen-aware design of reaction

conditions. We use the semiconducting compound silver bismuth sulfide (AgBiS2) as

the prototype material to demonstrate the easiness and efficiency of the method. This

semiconducting compound is selected as the prototype material thanks to its attractive

optical properties for photovoltaics and the environmentally friendly nature of the

constituent elements. Solar cells fabricated using CNCs synthesized at room tempera-

ture have yielded a power conversion efficiency of 5.5 %, demonstrating the promising

potential of the method. The application of the method in the synthesis of AgBiS2

CNCs results in a cost reduction of at least 60 % compared to the previous studies

reporting similar photovoltaics-grade AgBiS2 CNCs. Another important challenge in

employing hot injection methods is the scalability. Due to the difficulties in maintaining

the thermal fluctuations within the reaction volume low and in the maintenance of
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inert atmosphere inside the reaction vessel, hot injection methods impose an inherent

scale constraint on the synthesis. On the other hand, with the elimination of scale

constraint by the use of an ambient condition synthesis method, the requirement for

high temperature reaction and chemically inert reaction environment is eliminated,

enabling us to achieve large-scale volume production of CNCs. This, in turn, can lower

the production cost of CNCs further, hence the cost of photovoltaics that are based

on CNCs. In addition, we show that the ambient condition method can be adapted

for the synthesis of another metal chalcogenide, namely silver bismuth selenide CNCs

(AgBiSe2) with an extended absorption spectrum further into the near infrared down

to ∼ 0.9 eV. The resulting AgBiSe2 CNC solar cells achieved a preliminary efficiency

up to 2.6 %. Also, thanks to the structural similarity of these two compounds, the

two methods that are developed for the synthesis of AgBiS2 and AgBiSe2 CNCs are

combined and optimized to obtain alloyed quaternary AgBiSSe CNCs as a facile means

of bandgap tuning in silver bismuth chalcogenide semiconductor family. The formation

of AgBiSSe CNCs are verified through optical and structural characterization methods

to show the formation of quaternary phase and also the phase purity of the obtained

product. Overall, it is shown that the proposed ambient condition synthesis method

is capable of providing photovoltaics-grade RoHS-compliant materials at a lower cost

and higher throughput compared to the hot-injection based methods, opening a novel

way for low-cost environmentally friendly photovoltaics.



Resumen

Debido al continuo aumento de la demanda de enerǵıa y las preocupaciones ambien-

tales sobre el cambio climático planteadas por la comunidad internacional, los recur-

sos energéticos alternativos han sido objeto de una intensa investigación durante la

última década. Como consecuencia, se han propuesto diferentes tecnoloǵıas, siendo

la fotovoltaica una prometedora entre ellas. Hasta ahora, se han empleado diferentes

estructuras y métodos para fabricar células solares para la producción de enerǵıa. Tradi-

cionalmente, se han utilizado métodos de deposición basados en vaćıo para formar las

capas necesarias para el funcionamiento fotovoltaico adecuado. Debido a los avances

en los métodos de śıntesis coloidal, las peĺıculas finas de nanocristales semiconductores

en solución coloidal (CNCs) han ganado una gran atención como sustitutos baratos

de las capas depositadas al vaćıo. Hasta la fecha, se han desarrollado varios métodos

de śıntesis coloidal para producir nanocristales semiconductores para aplicaciones en

enerǵıa fotovoltaica. Gracias al alto grado de controlabilidad y la alta calidad del

material, los métodos de inyección en caliente han sido el camino a seguir durante

las últimas décadas. Sin embargo, la aplicación de peĺıculas de CNCs en fotovoltaica

a gran escala se ha retrasado debido a las propias limitaciones de estos métodos de

śıntesis.

En este trabajo, demostramos que es posible eliminar la necesidad de técnicas

inertes mediante la selección cuidadosa de los precursores y el diseño de las condiciones

de reacción conscientes del ox́ıgeno. Usamos el compuesto semiconductor sulfuro de bis-

muto y plata (AgBiS2) como material prototipo para demostrar la facilidad y eficiencia

del método. Este compuesto semiconductor se ha seleccionado como material prototipo

gracias a sus atractivas propiedades ópticas para la enerǵıa fotovoltaica y la naturaleza

ecológica de los elementos constituyentes. Las células solares fabricadas con CNCs sin-

tetizadas a temperatura ambiente han arrojado una eficiencia de conversión de enerǵıa

del 5,5 %, lo que demuestra el potencial prometedor del método. La aplicación del

método en la śıntesis de CNCs de AgBiS2 da como resultado una reducción de costes

de al menos un 60 % en comparación con los estudios anteriores que reportaron CNCs
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de AgBiS2 de una calidad fotovoltaica similar. Otro desaf́ıo importante al emplear

métodos de inyección en caliente es la escalabilidad. Debido a las dificultades para

mantener bajas las fluctuaciones térmicas y la atmósfera inerte dentro del recipiente

de reacción, los métodos de inyección en caliente imponen una restricción de escala

inherente a la śıntesis. Por otro lado, con la eliminación de la restricción de escala me-

diante el uso de un método de śıntesis en condiciones ambientales, se elimina también

el requisito de reacción a alta temperatura y entorno de reacción qúımicamente inerte,

lo que nos permite lograr una producción en volumen a gran escala de CNCs. Esto, a

su vez, puede reducir aún más el coste de producción de los CNCs, y en consecuenćıa

el coste de las células fotovoltaicas que se basan en CNCs. Además, mostramos que

el método en condiciones ambientales se puede adaptar para la śıntesis de otro calco-

genuro metálico, por ejemplo, CNCs de seleniuro de bismuto y plata (AgBiSe2) con

un espectro de absorción más extendido en el infrarrojo cercano, hasta ∼ 0.9 eV . Las

células solares de CNCs de AgBiSe2 alcanzaron una eficiencia preliminar de hasta el

2,6 %. Además, gracias a la similitud estructural de estos dos compuestos, los dos

métodos desarrollados para la śıntesis de CNCs de AgBiS2 y AgBiSe2 se combinan

y optimizan para obtener CNCs de la aleación cuaternaria AgBiSSe como un medio

fácil de sintonización de bandgap en familia de semiconductores de calcogenuro de

bismuto y plata. La formación de los CNCs de AgBiSSe se verifica mediante métodos

de caracterización óptica y estructural para mostrar la formación de la fase cuaternaria

y también la pureza de fase del producto obtenido. En general, se demuestra que el

método de śıntesis en condiciones ambientales propuesto es capaz de proporcionar ma-

teriales fotovoltaicos compatibles con RoHS a un coste menor y un mayor rendimiento

en comparación con los métodos basados en inyección en caliente, lo que abre un

camino novedoso para la enerǵıa fotovoltaica ecológica de bajo coste.
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1
Introduction

Behind any advanced civilization lies the machinery of energy production to support

the ever-growing needs of the population to prosper.

1.1 Motivation
In this modern era, the use of optoelectronic devices is gaining speed thanks to the

value which they provide both daily life and scientific advancement. The applications of

optoelectronics are diverse and span a range starting from the generation, detection and

manipulation of light - as in lighting, digital cameras and fiber optics communication

equipment - to energy production - as in electricity production using photovoltaics. A

field that has such an enormous application zone has its own restrictions due to the

strict requirements that need to be addressed. For photovoltaics industry, the toxicity,

efficiency, abundance and unit cost are major factors contributing to the success of the

respective technology (Figure 1.1). However, the production cost plays a profound role

in the success of the respective photovoltaics technology. This results from the very

competitive price per kilowatt-hour of electricity that is offered by the already existing

alternatives in use, such as thermal power plants.

1
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The current fossil fuel-based power plants can supply plentiful cheap electricity;

however, the heavy usage of these power plants brings critical risks for the future of the

planet. Recent studies have revealed that the immense utilization of the fossil fuels has

already caused a noticeable shift in the thermal balance of the world by introducing

greenhouse gases into atmosphere. It has been observed that fossil fuel-related CO2

emission has reached a share of 86 % in global CO2 emission in the last decade because

of the increased industrial activities. [1] As a result, global warming already passed

the stage of being a mere prediction and has become a daily observation due to the

extra heat captured by greenhouse gasses. [2, 3] Further predictions about the future

effects of fossil fuel-based energy production to the environment push governments

towards more environmentally friendly methods of energy production as the total

energy demand increases steadily since the industrial revolution and it is expected to

reach 50 Gtoe/year in 2050. [4]

Renewable energy resources can offer a viable solution to the energy demand of

the world. Yet, the price tag on the renewable energy presents a noteworthy challenge

for this transition. Although photovoltaics-based renewable energy resources have an

immense potential owing to abundant sun light reaching the surface of the earth,

[5] the use of this unlimited energy resource is hindered by the cost of solar cell

manufacturing. Particularly, single-junction GaAs solar cells can achieve efficiency over

27 % as of now. [6] Considering that the theoretical efficiency of an ideal single-junction

solar cell is limited to 34 %, the performance of GaAs photovoltaics is impressive. [7]

Furthermore, the efficiency of GaAs modules can be boosted up to 47.1 % with the use

of advanced structures, as in the case of multi-junction solar cells with concentrators.

[8] Yet, GaAs solar cells have not been able to find widespread use in solar power

plants. The utilization of this type of solar cell has been restricted to the applications

where the space and weight are considered the major limiting factors - such as in

space applications - rather than the cost. Due to the considerable cost associated

with this technology, it is not expected to have large-scale GaAs solar power plants

to be installed in near future. On the other hand, Si solar cells - being the most

commercially available photovoltaics technology today - offer modest efficiency for

much lower price thanks to comparatively lower material and processing related cost.

Albeit the manufacturing cost is lower than alternatives, the overall module cost of Si

photovoltaics still makes competing with thermal power plants a significant challenge

due to low prices offered by the mature thermal power plant technology (< $0.05 /

kWh). [9] Despite an active research is ongoing on Si photovoltaics technology, the

purification of silicon from sand, wafer production and solar cell fabrication processes

require a significant amount of energy. Therefore, the potential cost reduction through
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Figure 1.1: Criteria for the assessment of a photovoltaics technology

optimization of the processing conditions is limited by the current production methods

utilized in Si photovoltaics. [10] Also, the installation capacity of current Si solar

panels is limited ubiquitously due to their rigid and heavy form factor. This reduces

their application to areas where a strong weight support can be provided, such as

solar farms and rigid rooftops. Nevertheless, the demand for flexible and wearable

photovoltaics is increasing and alternative photovoltaics technologies are sought to

meet the ever-expanding utilization span of photovoltaics. At this point, colloidal

nanocrystals (CNCs) that can be deposited using mild processing methods with low

temperature treatment offer a unique solution as it enables the use of temperature-

sensitive and fragile substrates (such as cellulose and PET) [11, 12] that can lead to

low-cost flexible devices.

As another restriction, the presence of toxic elements in some photovoltaics tech-

nologies, such as arsenic in GaAs and cadmium in CdTe solar cells, raises some concerns

about the safety of these technologies for large area deployment. The presence of RoHS

(Restriction of Hazardous Substances)-incompliant [13] compounds in photovoltaics

brings two main issues. First, the production of these solar cells has to be strictly

controlled due to the risk of improper disposal of the contaminated waste into the

environment. Second, it also makes the recycling of the modules that reach the end of

their lifetime more costly and attention requiring as any spillage from an unattended

damaged module into the environment can pose a serious health risk to the popula-

tion. [14,15] Thus, the proper choice of the materials to be used in solar cells constitutes

an important step in the development of a reliable photovoltaics technology.

Apart from cost and toxicity, the constituent elements have to be commercially

present in abundance for large-scale production. In spite of their capacity to yield high
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power conversion efficiency, the scarcity of the constituent elements in some compounds

renders their use in photovoltaics inaccessible for large-scale energy production. One

of these compounds is copper indium gallium selenide (CIGS). Despite this material

can yield a PCE of 23 % and only contains elements with no/low toxicity, the scarcity

of indium in the earths crust makes this material not a reliable option for the future

of photovoltaics. [16]

Furthermore, solar modules need to provide an acceptable lifespan to guarantee,

at least, the return of the capital investment. This means that the efficiency-lifetime

product of the solar modules has to be sufficiently large to render the large-scale

deployment of the solar modules an economically viable solution. For economical self-

sustaining, the photovoltaics technology has to offer attractive profits. In this way, the

investors of the private sector can be encouraged to switch from fossil fuel-based power

plants to photovoltaics-based power plants.

For the aforementioned reasons, it has utmost importance to design and develop

novel ways for the large-scale production of low-cost, non-hazardous materials using

abundant elements to limit the negative impact of energy production for the true

realization of the renewable and environmentally friendly energy production using

photovoltaics.

1.2 A brief history of photovoltaics
Although sun light has been in use for various purposes since the beginning of the

civilization, the idea of direct conversion of light energy into electricity was pioneered

by a curious experiment involving an electrochemical cell under light exposure. After

this experiment had led to a direct observation of the photovoltaic effect by Becquerel

in 1839, the possibility of manipulating the electronic properties of materials with

light attracted considerable attention in the scientific community as an interesting

phenomenon. Later in 1873, it was shown on a piece of selenium that the conductivity

of solids could be manipulated with light exposure in a similar manner. [17] In the fol-

lowing years, an observation of electricity generation in solid selenium-metal junctions

was published by Adams and Day, laying the foundations of the field of solid-state pho-

tovoltaics. [18] However, the exact working mechanism was not completely understood

till the Einsteins famous work on the photovoltaic effect. [19] Following the available

experimental observations and Einsteins explanation of the photoelectric effect, the

conversion of light energy directly into electricity in a practical way was demonstrated

by Bell labs in 1954. [20] Using the relatively mature silicon processing technology of

the time, a monocrystalline silicon solar cell with a power conversion efficiency (PCE)
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around 6 % was presented to the public for the first time. Thanks to this achievement,

photovoltaics has become an important tool today for the utilization of sunlight for

energy production.

1.3 Fundamentals of solar cells
Similar to other energy converters, solar cells function by transforming one kind of en-

ergy into another. In a simple solar cell, the conversion process begins with the capture

of the energy of a photon in a semiconductor to excite an electron from a lower to an

upper energy level, leaving behind a “hole”, a positively-charged quasiparticle (Figure

1.2a-b). After the generation of electron-hole pair, electron and hole are separated from

each other and collected at different electrodes by making use of selective contacts

(Figure 1.2d). Then, the potential difference of electrons and holes that are collected

at different electrodes can drive an external load to perform a useful task.

Figure 1.2: Basic operation of a typical solar cell depicting the electron - hole pair
generation by photon absorption and carrier collection processes (a, b and d) and a
simplified electrically equivalent solar cell circuit (c).

In a simplified solar cell model, the internal current pathways in a solar cell can

be modeled as a combination of a series resistance (RS), a parallel resistance (RSH),

an internal diode (JD) and a current source (JL) (see Figure 1.2c). Following this
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circuit diagram, the equations governing the current paths in the solar cell can be

derived as given in Eq. 1.1a-c. Different element in this simplified solar cell model can

be attributed to different processes occurring in the solar cell. According to the given

set of equations, there are two main paths in which the current generated due to the

photon absorption can be lost. The first path is governed by the internal diode that

is present in p-n and Schottky junction solar cells. The effect of this diode is such

that a high J0 results typically from high minority carrier density in the quasi-neutral

regions of the junction (np/pn denotes the electron/hole density in the p/n-side of the

junction. Dn/Dp and Ln/Lp are the diffusivity and diffusion length of electrons/holes.

See Section 1.3.2 for further details.). [21] As this diode acts as a current sink in the

device, it causes a drop in maximum obtainable voltage and current (VOC , JSC) from

the device (Eq. 1.1b).

(a) J = JD + JSH − JL

(b) JD = J0[e
q(V −JRS)

nkT − 1], J0 = q[np
Dn

Ln
+ pn

Dp

Lp
]

(c) JSH = V−JRS

RSH

(1.1)

The second loss path is related to presence of the parasitic resistors in the solar cell

(Eq. 1.1c). The resistors RSH and RS denote the imperfections in the device and

represent the current shorts between the anode and cathode of the solar cell and the

hindrance of charge carrier transport between layers in the device, respectively. The

main effect of the RSH is observed under open-circuit conditions as finite RSH causes

a reduction in VOC (J = 0, but JSH > 0 thus JD < JL). RS , on the other hand, has a

pronounced effect on short-circuit current (JSC) as nonzero RS causes JL be shared

between the internal diode, RSH and RS due to parallel connection of the internal

diode and these two resistors under short-circuit condition. The fill factor of the solar

cell, which is explained in Section 1.4.1, is measured to be lower than its ideal value

due to the combined effect of these two parasitic resistors within the device. Thus, it

is desirable to have a small RS while keeping RSH as high as possible to obtain the

best performance from a given solar cell.

In the design of a photovoltaic cell, there are numerous factors to be considered,

starting from the design of the photovoltaic stacks from an optical point of view to

the band alignment and surface passivation of the semiconductors used in the solar

cell. In the following sections, we will briefly discuss about the important parameters
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of the semiconductors acting as the photon absorbers in a solar cell due to their direct

impact on the performance of the device. Later, we will provide an informative section

about the experimental methods that can be carried out to quantify these parameters

to show how they affect the performance of the solar cells.

1.3.1 Optical key properties of semiconductors
Absorption process is highly dependent on the characteristics of the semiconductors,

such as the semiconductor´s strength of absorbing photons, which is given in terms of

the absorption coefficient of the material. As the effectiveness of absorption is related

to material absorption coefficient, it is beneficial to use a semiconductor with high

absorption coefficient to absorb as many photons as possible for a certain absorber

thickness. From this perspective, it is advantageous to use a direct bandgap semicon-

ductor as the absorber, since direct bandgap semiconductors exhibit higher absorption

coefficients compared to the indirect bandgap semiconductors. This results from the

misalignment of the conduction and valence band edges in energy - momentum space

for indirect bandgap semiconductors. As a result of the misalignment, the momentum

of electron requires a change by the involvement of a another species in the absorption

process to enable the indirect transition. This change in momentum is typically pro-

vided by the lattice vibrations, the so-called “phonons”, in crystalline semiconductors.

Because of the involvement of phonons in the absorption process, the probability of

indirect transitions is low, leading to lower absorption coefficient in indirect bandgap

semiconductors with respect to their direct bandgap counterparts. Thus, due to lower

absorption coefficient, solar cells that are made of indirect bandgap semiconductors,

such as crystalline Si, have typically hundreds of microns thick absorber layer. This is a

direct result of fact that thin layers of indirect bandgap absorber would allow a consid-

erable amount of photons to pass through, particularly in the long wavelength regime

(e.g., near infrared) where the absorption coefficient diminishes significantly. [22, 23]

On the other hand, solar cells made of direct bandgap semiconductors can yield high

efficiency with very thin absorber layer. This has multiple benefits in terms of device

manufacturing. First, the effective distance that must be traveled by the charge car-

riers is reduced due to reduced absorber thickness. This permits the use of relatively

cheaper semiconductors with low lifetime-mobility product (See Section 1.3.2). Second,

it enables efficient use of expensive absorber material as well as the production of thin,

flexible and lightweight photovoltaics. [24–26]

1.3.2 Electronic key properties of semiconductors
After the formation by the absorption of photons, the electron-hole pairs need to be

dissociated for collection of electrons and holes at the opposite sides of the junction.
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The collection process is achieved by two major forces. The built-in electric field exerted

on the charge carriers in the space-charge region (established by the inherently present

Schottky or p-n junction in a typical solar cell) causes a drift current to form. The

force acting upon the charge carriers during this transport can be expressed as given

in Eq. 1.2a.

(a) ν = µε

(b) LDrift ∼= τCν = (τCµ)ε

(1.2)

In Eq. 1.2b, ν, µ, τC and ε denote the velocity, mobility and effective lifetime of

the charge carrier and the electric field at the location of the charge carrier, respec-

tively. If we assume that the electric field and mobility are constant in the region of

interest, then it can be deduced that charge carriers can drift, as a first-order approx-

imation, by a length that is determined by the lifetime and mobility of the charge

carrier and the strength of the electric field before the charge carriers are lost due to

recombination.

LDiff =
√

kT
q µτC (1.3)

However, the internal electric field diminishes in regions sufficiently far away from

the p-n junction of the solar cell (quasi-neutral region), giving rise to negligible drift

current. At this operation zone, another mechanism becomes the dominant driving

force in carrier transport within the device. The formation of electron - hole pairs by

the absorption of the incoming photons creates a non-zero carrier density gradient

in the solar cell. As a result of the non-zero carrier density gradient, electrons and

holes can move from high density to low density zones to establish a uniform carrier

density within the device and a diffusion current is created. Owing to the nature

of the diffusion mechanism, the diffusion length of the charge carriers (LDiff ) in a

photovoltaic device, hence the device photocurrent that is a function of the diffusion

length, is highly dependent on the electronic properties of the absorber layer such as

the lifetime and mobility of the carrier as well as the temperature of the absorber

(Eq. 1.3; q and T denote the electronic charge and absolute temperature, respectively).

[27] As seen in Eq. 1.2 and Eq. 1.3, low mobility-lifetime product of the absorber

can act as a bottleneck in achieving high efficiency photovoltaics by limiting both
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LDrift and LDiff . In the following discussion, we are going to keep the focus of

the section on the recombination mechanisms that lower lifetime-mobility product of

carriers in semiconductors to provide the readers with the required background for the

subsequent chapters. A more detailed discussion about the charge carrier dynamics in

semiconductors can be found elsewhere. [21]

The mobility-lifetime product of charge carriers in a semiconductor can be di-

minished by different types of recombination processes. Three major recombination

processes in semiconductors can be listed as the radiative (band to band) recombina-

tion, Auger recombination and Shockley-Read-Hall (SRH) recombination. [28] In the

radiative recombination, an electron in the conduction band and a hole in the valence

band of a semiconductor recombine and the resulting energy is released in the form of

a photon. While this process is the main mechanism that the operation of LEDs and

lasers relies on, the radiative recombination diminishes the performance of solar cells,

since it may decrease the number of electrons and holes that can be harvested by the

electrodes. [29] Apart from the radiative recombination, Auger recombination results

from the presence of excess charge carriers in the conduction and valence bands of

the semiconductor. In Auger recombination mechanism, an electron-hole pair recom-

bines and its energy is given to a third charge carrier, instead of being emitted as a

photon. As the energy of the free charge carriers is typically lost through fast thermal-

ization, [30,31] this process also causes a reduction in the solar cell performance. [32] In

the SRH recombination, unlike radiative and Auger recombination, the charge carrier

loss occurs via recombination centers (or trap states) that are present in the bulk or

on the surface of the semiconductor. [33]

The presence of the recombination centers in a semiconductor has two main effects

on the performance of the solar cell. As the primary effect, the recombination centers

decrease the lifetime of the charge carriers within the semiconductor by increasing the

non-radiative recombination rate. The effective carrier lifetime in a semiconductor can

be expressed as in Eq. 1.4.

(a) 1
τC

= 1
τR

+ 1
τSRH

+ 1
τAuger

(b) 1
τR

= RRadiative = β(np− n2
i )

(c) 1
τSRH

= RSRH =
(np−n2

i )

τp(n+nie
ET −E

kT )+τn(p+nie
E−ET

kT )

(d) 1
τAuger

= RAuger = (Cehhn+ Ceehp)(np− n2
i )

(1.4)
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Here τR, τSRH and τAuger denote the radiative, SRH and Auger lifetime of a charge

carrier. The parameters RRadiative, RSRH , RAuger, n, p, ni, β, τn, τp, ET , Ceeh and

Cehh stand for the radiative, SRH and Auger recombination rate, the electron, hole and

intrinsic carrier density, the radiative recombination rate constant, electron lifetime,

hole lifetime, energy of the trap state, Auger constant for 2 electron-1 hole recombination

and Auger constant for 1 electron-2 holes recombination, correspondingly. [34] If the

charge harvesting cannot be carried out fast enough compared to the effective carrier

lifetime in a given semiconductor, a significant portion of the charge carriers can be

lost due to recombination. As the secondary effect, the presence of the recombination

centers, which can also be introduced by ionized impurities, generally accompanied

by the electric field non-uniformity in semiconductors. Due to these deviations in

the electric field, the movement of the charge carriers are hindered by scattering,

which reduces the charge carrier mobility in the layer. [35–37] As both the diffusion

and drifts currents have strong dependence on mobility of the charge carriers, the

device performance degrades with the use of a defective semiconductor. Thus, selection

of a semiconductor that can support long carrier lifetime and high carrier mobility

simultaneously is advantageous in the design of a high performance solar cell.

1.4 Characterization methods for solar cells

Although there are vast number of characterization methods that focus on different

parameters of the solar cells, we will cover only the most important ones in this Chapter,

including power conversion efficiency, external quantum efficiency, light intensity- and

time-dependent current-voltage scanning and capacitance-voltage scanning, to provide

the reader with sufficient background for subsequent chapters.

1.4.1 Power conversion efficiency (PCE)

The first and the most basic method to measure the power conversion efficiency of

the solar cells makes use of a light simulator that can mimic the spectral density of

sunlight in a lab environment. In this setup, the current density-voltage (J-V) curves

of a solar cell are measured under light bias (Figure 1.3a). Then, the power conversion

efficiency (PCE) of the device is calculated as the ratio of electrical power given by the

device to the optical power impinging on the device. The maximum power output from

a solar cell is obtained at a specific point, which is properly called maximum power

point, (JMPP , VMPP ) that lies between the short-circuit current density (JSC , 0) and
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open-circuit voltage (0, VOC) points on the J-V curve of the device under light.

PCE =
VMPPJMPP

POptical
= FF

VOCJSC
POptical

(1.5)

As seen in Eq. 1.5, a parameter, the so-called fill factor (FF), takes part in the

efficiency equation. For an ideal photovoltaic cell, FF takes the value of unity, signifying

that the product of JSC and VOC determines the efficiency instead of the product of

JMPP and VMPP (the area of the dash-dotted square versus of the dashed square in

Figure 1.3a). This constant determines how closely the device under test resembles to

an ideal photovoltaic cell. Due to the non-idealities present in real photovoltaic devices

(as few of them is explained in Section 1.3.2); however, FF is always found to be smaller

than unity.

Figure 1.3: Typical solar cell characterization methods. (a) Current density-voltage
(J-V) and power density-voltage curves, (b) External quantum efficiency (EQE) - wave-
length curve.

1.4.2 External quantum efficiency (EQE)

The second most commonly employed method uses a relatively weak monochromatic

light to probe the spectral response of the device under test within the spectrum of

interest (Figure 1.3b). For this measurement, generally short-circuit current of the

device is recorded with respect to the wavelength of the light impinging on the device.

The resulting curve demonstrates the effectiveness of the device in utilization of the

solar irradiance spectrum for carrier generation and collection. In mathematical terms,

this measurement can be expressed as given in Eq. 1.6, where h, c, q, φphoton and

λ denote Planks constant, the speed of light, elementary charge, photon flux on the
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device and the wavelength of the excitation source.

EQE(λ) =
hc

qλ
=

Jph
φphoton(λ)

(1.6)

In addition, as JSC is the maximum current density a solar cell can provide under

1 Sun light bias, EQE and JSC are interrelated and this relation can be expressed for

a photovoltaic cell, under the assumption that the device does not posses significant

light intensity-dependent performance characteristics, as Eq. 1.7.

JSC ∼= JEQE =

∫
qφphoton(λ)EQE(λ)dλ (1.7)

Thus, the integral of the external quantum efficiency of a solar cell over the solar

irradiance spectrum gives information about the maximum obtainable JSC for a given

device. Thanks to this link between two measurement methods, EQE spectrum can

provide additional information about the presence of light intensity-dependent processes

as an increase in charge carrier recombination will result in a JSC lower than JEQE

due to higher intensity of the light source, thus higher carrier density within the

device. [38]

Light intensity-dependent voltage - current scan

Although J-V scan under standard operating conditions can yield device performance, it

cannot provide information about the charge carrier density-dependent characteristics

of the solar cell. In light intensity-dependent J-V scan, the voltage and current density

of a photovoltaic cell are measured with respect to the intensity of the light impinging

on the device. As the carrier lifetime depends on the density of the carriers in the

device, the light bias-dependent J-V measurements can pin down the recombination

mechanism that is dominant in the solar cell.

J = J0[e
qV
nkT − 1]− JL, JL = αφm (1.8)

The current density of an ideal p-n junction photovoltaic cell under light can

be expressed as in Eq. 1.8. Here, J , JL, q, n, k, T , α, φ and m denote the external

current density measured by an I-V profiler, photocurrent density induced by the
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light bias, elementary charge, ideality factor, Boltzman constant, absolute temperature,

proportionality constant, light intensity and power factor, respectively. If the device is

measured under short-circuit conditions (V = 0V), then the above equation simplifies

to Eq. 1.9.

JSC = −αφm −→ ln(JSC) = mln(φ) + constant (1.9)

A log - log plot of JSC versus light intensity can give information about the

presence of different recombination pathways that are dependent on the light intensity

impinging on the device. For an ideal solar cell, the parameter m is expected to be unity.

However, in the presence of light intensity-dependent recombination processes the value

of m will deviate from unity and the amount of deviation reflects a quantitative analysis

of the performance of the solar cell.

VOC =
nIDkT

q
ln(φ) + constant (1.10)

The expression for the light intensity-dependent open-circuit voltage can be written

in a similar way. In Eq. 1.10, the parameter nID denotes the diode ideality factor

that is a function of the charge carrier recombination pathways present in the device.

The diode ideality factor assumes distinct values depending on the contribution of

different recombination processes to the carrier loss in the device. The link between

the diode ideality factor and the recombination processes can be expressed as given in

Eq. 1.11.

nID =
2

γ
(1.11)

In Eq. 1.11, γ represents the reaction order of the recombination rate. Hence, a

diode ideality factor that is close to unity suggests that the recombination rate has a

second order characteristics, which is the case for radiative (band to band) recombina-

tion under high injection (p ∼= n >> ni). On the other hand, a diode ideality factor that

is close to 2 hints about the control of the recombination rate by the density of the mi-

nority carrier, which can be related to SRH recombination and radiative recombination

under low injection conditions in doped semiconductors for which only the density of
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the minority carrier can limit the recombination rate. If Auger recombination becomes

the dominant process in the charge carrier loss path, diode ideality factor approaches to

2/3 due to the involvement of three carriers in this recombination mechanism. [29, 39]

Thus, light intensity-dependent VOC and JSC measurements can be used to obtain

useful insights about the recombination processes occurring in the solar cell.

Capacitance - voltage scan

Another useful method for the characterization of the photovoltaic devices uses the

change in the depletion width of a junction with respect to the applied voltage bias

to measure the carrier density and built-in voltage of the junction. [40–42] As a con-

ventional solar cell has either a p-n junction or a Schottky junction within the device

structure, the effective charge carrier densities in the photovoltaic stack can be de-

termined via voltage-dependent capacitance measurement. In this section, we present

an analysis method for a conventional p-n junction solar cell for all the results that

are presented in this thesis have been obtained from p-n junction solar cells. Yet, the

same equations can be used to analyze a Schottky junction solar cell if modified using

the knowledge that the charge carrier density in one side of the junction is typically

much higher than that of the other side (Nn >> Pp or Nn << Pp). The relation of

capacitance of a p-n heterojunction to the applied voltage can be describes as given in

Eq. 1.12.

A2

C2
=

2(εnNn + εpNp)

qε0εnεpNnNp
(Vbi − V −

2kT

q
) (1.12)

In the above equation, (εn and Nn) and (εp and Np) are material specific parameters

and they denote the dielectric constant and carrier density of the n- and p-type parts of

the heterojunction, respectively. If these values are known for one side of the junction,

the values of the other side of the junction can be easily obtained by employing the

following equation that is obtained by differentiating Eq. 1.12 with respect to V.

Nn =
−2εpNp

qε0εnεpNp
∂
∂V (A

2

C2 ) + 2εn
(1.13)

Also, inherently having a junction, solar cells have built-in potentials that is ex-

pressed by the parameter Vbi in Eq. 1.14 (Vcross represents the intersection point of
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the tangent line of A2

C2 -V with the voltage axis.).

Vbi = Vcross +
2kT

q
(1.14)

As the maximum voltage that can be obtained is limited by the built-in voltage of

a p-n junction solar cell, C-V scans can give useful information about the performance-

limiting factors in the device, such as band level misalignments and high carrier density

in the absorber layer.

Time-dependent VOC/JSC

In this thesis, we follow a method published in the literature to measure the density

of trap states in the absorber layer. [43] The measurement of the density of trap

states (DOTS) within the bandgap of an absorber can be carried out with the use of

time-dependent measurement techniques, such as transient photovoltage (TPV) and

transient photocurrent (TPC). TPV and TPC are useful methods as they can be

employed to probe the trapping/detrapping of the charger carriers within the bandgap.

Basically, TPV and TPC curves are recorded under different light bias. The intensity

of the bias light is changed to adjust the electron and hole Fermi levels in the device as

the positions of the Fermi levels depend on the concentration of the carriers, [21] hence

on the intensity of the applied light bias. TPV and TPC techniques typically employ

a short laser pulse to induce a temporary increase in the electron and hole densities in

the device. Then, the recombination of the excess carriers is recorded with respect to

time, which can be carried out through oscilloscope measurement.

For TPV measurement, the device is connected to a high impedance input of an

oscilloscope to record the VOC of the device with respect to applied light bias.

V (t) = AOCexp(
−t
τOC

) + VOC (1.15)

The obtained voltage trace is fitted against Eq. 1.15 to extract the amplitude

of differential voltage, which gives information about the Fermi level splitting in the

device.

For TPC measurement, the device is connected to a low impedance input of an
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oscilloscope to record the JSC of the device with respect to applied light bias.

I(t) = ASCexp(
−t
τSC

) + ISC (1.16)

The obtained voltage trace is fitted against Eq. 1.16 to extract the values of ASC

and carrier lifetime. The above procedure given for TPV and TPC measurements is

repeated for different values of the applied light bias to scan the density of trap states

within the bandgap. After extraction of ASC , and AOC the differential capacitance

(CD) resulting from the trapping/detrapping of the charge carriers in the bandgap

is calculated using Eq. 1.17. Here, it is worth to mention that CD is not the static

capacitance originating from the physical structure of the device; it is rather a dynamic

value with its origin in the trapping/detrapping of the charge carriers within the

semiconductor.

CD(VOC) =
QD(VOC)

VD(VOC)
=
ASC(VOC)τSC(VOC)

AOC(VOC)
(1.17)

As the last step in this calculation, the differential capacitance resulting from Eq.

1.17 is divided by the volume of the absorber (A and d are the area and the thickness

of the semiconductor, respectively.) to obtain the density of trap states in the bandgap

of the semiconductor with respect to VOC as provided in Eq. 1.18.

DOTS(VOC) =
CD(VOC)

qAd
=
ASC(VOC)τSC(VOC)

qAdAOC(VOC)
(1.18)

DOTS - VOC method is quiet useful as it gives both the energetic position and

the density of the charge traps in the bandgap, thus enabling the use of a passivation

scheme targeting a specific trap type.

1.5 Current solar cell technologies

The solar cells can be divided into two main categories depending on their approach

towards the fabrication process, namely bulk and thin-film solar cells. In this part,

we will provide a brief discussion of each type to emphasize the pros and cons of the

respective approaches.
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1.5.1 Bulk Solar Cells
Bulk solar cells are the first successful type of solar cells. A definitive feature of this

group is the use of the semiconductor both as an absorber layer and as a mechanical

support for the whole device, similar to the typical Si-based chips. This is enabled by

the high mobility (102 - 103 cm2 V−1 s−1) and large range of both n-type and p-type

doping for Si as these properties make possible to form all-Si p-n homojunctions. [44]

Currently there are two main routes followed in Si-based photovoltaics of this type.

For monocrystalline Si solar cells, a single crystal Si wafer is used as a substrate to

produce the solar cell. In this process, either a p-type or n-type Si wafer is doped with

suitable ions to form a p-n homojunction. The efficiency of the current monocrystalline

Si cells can be as high as 26 % with the utilization of proper passivation methods. [23]

The polycrystalline Si solar cells exploit a similar process flow, but a polycrystalline

Si wafer is used instead of a monocrystalline one in the fabrication and the efficiency

of a polycrystalline Si solar cell can reach 21.9 % with the use of proper passivation

schemes. [45]

Excessive use of the absorber (Si in this case) is one of the main issues related

to this type of solar cells for the material that acts as a mechanical support for the

device does not contribute to the photovoltaic performance of the device. To reduce the

amount of absorber, a less expensive substrate can be utilized instead of photovoltaics-

grade Si. In the next part, this approach will be discussed with examples to show the

possible routes that are employed in the field to reduce the cost.

1.5.2 Thin-film solar cells
Although the production of bulk solar cells is straightforward and well established,

the limited material availability for bulk solar cell production and the cost involved

in the process shed doubts about their widespread usage. In addition, it is known to

be a difficult process to produce single crystal wafers of all materials with low defect

density due to their complicated and less understood crystal nucleation and growth

mechanisms. Thin-film solar cells are proposed to overcome these issues. In this type of

solar cell, the active layers are grown onto a mechanically supporting substrate to form

the photovoltaic cell, typically a glass substrate. As the mechanical integrity of the

device is provided by a relatively cheap substrate instead of the semiconductor itself,

the thickness of the active layers can be reduced significantly, giving an opportunity

for better utilization of the costly active materials.

There are currently two routes that are in use for the production of thin-film solar

cells. In the first route, the layers in the solar cell structure are deposited sequentially

onto a substrate via vacuum-based deposition methods. [46, 47] In the latter, the
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active layers are formed via solution processing method, such as spin coating and dip

coating. [48, 49] Although the first route yields better results as of now, a significant

research effort has been dedicated to the latter to improve the performance of solution-

processed solar cells in order to alleviate the cost and scalability problems resulting

from the use of vacuum deposition methods.

Vacuum-deposited thin-film solar cells
As of now, various types of thin-film solar cells have already been introduced into the

literature. For example, thin-film Si solar cells, which are built on a glass substrate, can

yield over 10 % efficiency. [50] As another example, thin-film copper indium gallium

sulfide selenide (CIGS) solar cells can reach a PCE of 23 % thanks to its suitable

bandgap and electronic characteristics for photovoltaics. [51] Besides, copper zinc tin

sulfide (CZTS) has raised curiosity among researchers thanks to its structural similarity

to CIGS and zinc being present in larger quantities than indium in the earth crust. [16]

Thanks to the deep understanding of defect passivation in this material, a study on

a CZTS solar cell with a PCE of 10 % has already been reported. [52] In addition,

another chalcogenide family semiconductor, cadmium telluride (CdTe), has been shown

to be a mature thin-film solar cell technology with a PCE of 22 % with commercial

success. [53]

Solution-processed thin-film solar cells
Due to the high cost associated with vacuum deposition methods, the heavy use of

vacuum deposition methods in photovoltaics production puts a hard-lower limit to the

overall cost of the modules. To address the cost problem, solution-processing methods

have been proposed as alternatives to the vacuum deposition methods. Even though

promising, there exist some challenges to be addressed for successful utilization of

these methods in photovoltaics production. For example, any solid material has to

be converted into liquid phase for these methods to function properly. While this

is not easily achievable for all types of materials, successful demonstrations of this

methodology have already been reported in the literature. [54,55] As one of the solution-

processable semiconductors, organic semiconducting polymers have been put into use

in solar cells to overcome the problem with both abundance, processing difficulty

and toxicity. Thanks to the advances in polymer science, it has been shown that it

is possible to engineer the bandgap, electronic properties and solubility of polymers

through proper design of the carbon backbone and side groups. Recent advances in this

field have resulted in a polymer solar cell with a PCE of more than 17 %. [56] However,

organics being inherently more vulnerable to environmental factors and offering inferior

electronic properties compared to inorganic counterparts (µ ≤ 102 cm2 V−1 s−1 for
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the best performing organic semiconductors to date [57] versus µ ≥ 104 cm2 V−1 s−1

for GaAs, a typical inorganic semiconductor used for high-efficiency photovoltaics [58])

still postpones the use of this technology for commercial energy production. As another

advancement in the field, a semi-solid structure has been utilized in solar cell design, so

called dye-sensitized solar cell (DSSC), to lower the module cost by making better use

of the absorber material and enabling the use of lower quality absorbers by facilitating

the charge carrier collection via an electrolyte. The current world record for this type

of solar cell has reached 13 %. [59]

As another example, inorganic and hybrid solution-processed perovskite solar cells

hold great promise towards high-performance and low-cost photovoltaics thanks to

the use of much simpler and cheaper solution-prosessing methods. Recent advances

in understanding the crystal formation and defect passivation mechanisms in Pb-

perovskites have led to development of all solution-processed photovoltaics and has

already boosted the attainable PCE to more than 20 %, [60–62] demonstrating the

high-capability of solution-processed materials for photovoltaics. However, the stability

and the presence of significant amount of Pb in these solar cells shed doubt about

their widespread deployment in energy production and push researches towards more

environmentally-friendly alternatives.

1.6 Colloidal nanocrystal photovoltaics
Nanocrystals are very small-sized crystallites, generally with a diameter of less than

100 nm. Vacuum-deposited nanocrystals are in use in the photovoltaics field for the

last few decades thanks to their distinctive features, such as bandgap tunability and

the formation of intermediate-level energy bands. [63,64] However, they have not been

able to find a widespread use because of the cost associated with the utilization of

high-cost deposition methods. Due to this reason, alternative deposition methods have

been investigated to lower the overall cost of the emerging photovoltaics technologies.

Colloidal nanocrystals (CNCs) synthesized via wet chemistry methods are expected to

have a special role in low-cost photovoltaics industry as they offer an elegant solution

to the expensive film deposition process by eliminating high energy consumption and

high vacuum conditions typically demanded by complex deposition systems. This is

enabled by providing alternative means with softer processing conditions, consequently

minimizing the processing requirements and cost.

In addition to lower cost, CNCs can exhibit interesting optical and electronic

properties thanks their small size. [65] Especially, the quantum confinement effect,

which originates from a crystallite radius comparable to exciton Bohr radius (Eq. 1.19),
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opens new ways to alter the optoelectronic properties of the nanocrystals without

changing their chemical structure. In Eq. 1.19, rB , εr, m, µ and αB denote the exciton

Bohr radius, the dielectric constant of the material, the mass, the reduced mass and

the hydrogen Bohr radius (∼ 0.053 nm), respectively. Quantum confinement effect has

already been utilized to tune the absorption and emission characteristics of the colloidal

nanocrystals for various types of devices, including photodetectors, LEDs, [66, 67]

lasers, [68–70] and solar cells. [71]

rB = εr
m

µ
αB (1.19)

1.6.1 Current trends and prospects on colloidal nanocrystal

photovoltaics

With reports from lead sulfide (PbS) and Pb-perovskite solar cells already exceeding

10 % and 15 % PCE, respectively, colloidal nanocrystal solar cells have already proved

to be promising alternatives to vacuum-deposited solar cells. [72,73] Nonetheless, the

presence of significant amount of Pb in these compounds raises concerns about Pb

spillage into the environment. [74] These concerns, in return, push researchers to look

for alternatives as it is well known that Pb2+ salts are generally water soluble and

can easily mix into underground water supplies in case of an uncontrolled leakage. [75]

Due to this problem, the research efforts in this field has been directed toward other

solution-processable inorganic materials that contain more environmentally-friendly

elements. Among them, tin sulfides [76] and tin perovskites [77–81] have had success in

showing PCE approaching 10 %. In addition, ternary I-III-VI3 and quaternary I2-II-IV-

VI4 metal chalcogenide compounds have drawn attention due to their favorable optical

properties comparable to Pb-containing counterparts. Among nanocrystal-based tech-

nologies, copper indium disulfide (CIS), copper zinc tin sulfide (CZTS) and derivatives

have fueled the solution-processed photovoltaics research and have given a PCE in ex-

cess of 10 %, opening an opportunity for exploration of other possible RoHS-compliant

alternatives in CNC-based photovoltaics. [82–88]

While the use of non-toxic elements and solution-processing methods in photo-

voltaics fabrication resulted in significant cost reduction and relieved the environmental

concerns originating from the presence of toxic elements, air-free techniques that are re-

quired for the colloidal synthesis of the nanocrystals still remains as a difficult challenge

to elucidate. There has been few attempts to eliminate the need for high temperature

reaction for the formation of these CNCs; however, no high performance solar cells
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based on these CNCs has been shown to the best of our knowledge. [89–91] Furthermore,

CIS and CZTS CNCs generally require high temperature annealing under selenium-rich

atmosphere after CNC deposition for high efficiency operation. This increases both the

complexity and the overall cost of the photovoltaic devices based on these CNCs and

severely limits the available options as substrate. [92–95]

In addition to the toxicity of the constituent elements, the scalability of the syn-

thetic methods is an important challenge to be addressed to achieve economically-viable

CNC-based photovoltaics. Despite the hot-injection methods are the most widely used

ones in lab-scale synthesis of CNCs, the scalability of the hot-injection methods is

typically complicated. This stems from the fact that the quality of the nanocrystals

synthesized via hot-injection methods depends on the rapid and homogeneous mixing

of the precursors at elevated temperatures to control the nanocrystal nucleation. How-

ever, the injection becomes slower and less predictable as the batch volume increases,

which results in variation of CNC properties as the synthesis volume is increased. To

eliminate the need for strict control on the speed of injection and mixing time of the

precursors in the reaction mixture, various methods have been proposed. One typical

example of these methods is the heat-up method. [96] In the heat-up synthesis of

colloidal nanocrystals, all the ingredients, including the precursors and the reaction

solvent, are loaded into the reaction flask before putting the whole system under inert

atmosphere and heating. The nanocrystal nucleation is initiated by the gradual thermal

activation of the precursors instead of rapid introduction of the precursor into a hot

reaction mixture. Thanks to the elimination of injection-related variations, high quality

nanomaterials on large scales with little or no batch-to-batch variation can be achieved.

Another example is liquid-solid-solution (LSS) method. [97] In LLS method the control

over nucleation and growth of nanocrystals is achieved through precursor concentration

and temperature. Despite both of these methods can yield nanocrystals with narrow

size distribution, the requirement of strict control over reaction temperature to obtain

high quality nanocrystals should still be addressed for low-cost large-scale deployment

of these methods.

To alleviate the condition of strict control over reaction temperature, room-temperature

synthesis methods have been put under investigation. Antisolvent co-precipitation strat-

egy in ambient conditions enabled the room-temperature synthesis of lead perovskite

CNCs with high photoluminescence quantum yield (PLQY). [98, 99] In addition to

lead perovskite CNCs, the synthesis of metal chalcogenides, such as CdSe, PbS, PbSe

and HgTe CNCs, has been demonstrated at room temperature in air-free environ-

ment. [100–104] Despite the progress in the field, the realization of an efficient and

non-toxic all solid-state nanocrystal solar cell which does not require inert fabrication
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environment and/or high temperature sintering still stands as a major challenge for

the future of the low-cost photovoltaics. [105,106]

In the next part, we will look into the wet chemistry methods used for colloidal

nanocrystal synthesis to give some insight about how it works and how it can be

optimized to lower the material cost further.

1.6.2 Synthesis of colloidal nanocrystals
For a typical wet chemistry synthesis of colloidal nanocrystals, three different groups

of ingredients are required. The first type of ingredient is called the precursors and

these compounds contain the elements required to form the desired compound. As

the second group, a suitable solvent is used as the reaction medium in which the

nucleation and growth of nanocrystals take place. The last group of ingredient is called

the ligands and these are the molecules responsible from the stabilization of colloidal

dispersions in a host solvent. The ligand molecules generally have two ends to satisfy

their function. One of the ends has a functional group that is capable of attaching onto

the surface of the nanocrystals, among which carboxylates and thiolates are the most

commonly used ones. The other end of the ligand may or may not have functional groups

depending on the nature of the solvent to be used for the preparation of processing

liquids. If the reaction medium is a nonpolar solvent, a general approach is to use a long

chain hydrophobic hydrocarbon end to stabilize the nanocrystals during growth (e.g.,

the long hydrocarbon chain of oleic acid). [107] On the other hand, a polar reaction

medium requires the use of a polar functional group, such as the carboxylate group of

a thioglycolic acid molecule. [108,109]

A typical Schlenk line that is used for hot-injection synthesis of CNCs is given in

Figure 1.4 to illustrate the experimental setup. Schlenk line is a well-known synthesis

setup as it offers simultaneous control over both temperature and chemical environment

in which the reaction takes place. A heating mantle connected to an electronic controller

generally provides the temperature control. The chemical environment within the flask

can be manipulated using the valves connected to vacuum and gas lines. In addition,

the use of transparent glass makes it possible to observe the reaction by eye, giving the

chemists an opportunity to detect any changes in the reaction mixture easily.

In a hot-injection synthesis of CNCs, a solution of either anionic or cationic pre-

cursor in a mixture of solvent and ligand is loaded into the reaction flask. After the

temperature is raised to the required level, a solution containing the other precursor is

injected into the reaction flask to initiate the nanocrystal nucleation. As there are many

tunable parameters in this system, such as injection and growth temperatures, precur-
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Figure 1.4: Side-by-side comparison of a typical Schlenk-line setup and the proposed
ambient condition synthesis setup for the production of colloidal nanocrystals.

sors ratios, precursor concentration and the growth time, this type of synthesis can

offer a good degree of control over the nanocrystal properties. However, hot-injection

methods can offer limitied capacity in satisfying the requirements of low-cost large-scale

photovoltaics. This originates from the high cost due to the labor-intensive synthesis

and limited batch size that result from the use of Schlenk line setup.[111]

An ambient condition synthesis scheme can be devised as an alternative to Schlenk

line setup. As the synthesis of nanocrystals are carried out at room temperature in

the proposed reaction route, the oxidation of the chemicals and nanocrystals can be

slowed down sufficiently to eliminate the need for chemically inert reaction environment.

With the elimination of high reaction temperature and vacuum/gas lines, the proposed

synthesis method requires only a reaction container and a means of stirring the solution

to enable the homogeneous distribution of the reactants. Such a simple reaction setup

can be seen in Figure 1.4. In addition to the simplicity brought by this route, the

reaction at room temperature makes it possible to use inexpensive containers as reaction

vessels. In our experiments, we make use of a plastic centrifuge tube as the reaction

vessel as can be seen in Figure 1.4.
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1.7 Thesis objectives
The objectives of this thesis is to devise and optimize a synthetic method for the pro-

duction of silver bismuth chalcogenides for use in photovoltaics applications. To achieve

this goal, the devised synthetic method has to possess the following properties:

Simple and fast: As any photovoltaics technology is expected to be capable of

providing abundant photovoltaic units to the market, the simplicity and speed of CNC

synthesis play an important role. This stems from the increased cost that results from

the usage of slow and complex, thus labor-intensive, synthetic methods. In this work,

we provide a synthetic method that can be carried out within minutes using a very

minimalistic synthesis setup.

Scalable: Due to the high material demand of photovoltaics industry, a successful

synthetic method needs to provide sufficiently large amounts of CNCs per batch to

offer a competitive alternative to the other methods. We show that this condition can

be satisfied through elimination of heating and the need for chemically inert reaction

atmosphere from the synthesis setup, which is accomplished by the use of chemicals

with no/low air-sensitivity compared to widely-used counterparts.

Cost-effective: As the main bottlenecks of photovoltaics industry, unit cost has

utmost importance in determining the success of a photovoltaics technology. This

thesis presents a method that does not necessitates expensive precursors to function.

With low-cost precursors, it is shown that the synthesis-related cost can be reduced

significantly.

Environmentally friendly: Toxicity of the elements in a semiconducting compound

exhibits another major challenge in photovoltaics industry. This originates from the

larger area deployment of photovoltaics modules that is necessary to satisfy the ever-

increasing energy demands of the society. Here, we show that it is possible to lower the

impact of photovoltaics on the environment by using elements with no/low toxicity

in photovoltaics instead of their toxic counterparts, such as cadmium, mercury and

lead.

1.8 Thesis outline
In Chapter 2, an ambient condition method for the synthesis of colloidal AgBiS2 CNCs

is presented. A study on the reaction time of AgBiS2 CNCs under ambient conditions

at room temperature is provided to show the speed and simplicity of the proposed

synthesis scheme. A detailed study on the formation dynamics is given to demonstrate

that the ternary AgBiS2 is the thermodynamically-favored product of this reaction. The
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results of optical spectroscopy and x-ray diffractometry indicated that the product is

not contaminated by metallic or binary phases to a detectable limit by these techniques.

In the last part of Chapter 2, the effects of the ligands, which are employed during the

synthesis, on the properties of the nanocrystals are evaluated and a reaction path is

proposed by the examination of the reaction byproducts.

In Chapter 3, we present a detailed ligand exchange study to shed light on the

effects of the ligands that are used in the deposition of AgBiS2 CNCs. The results

indicate that the photovoltaic performance of AgBiS2 CNC devices can be altered

noticeably by the usage of different thiol molecules. It is also demonstrated that the

ambient condition synthesis can yield CNCs capable of giving up to 5.5 % efficient

solar cells with the use of short chain alkyl thiols.

In Chapter 4, a room-temperature ambient condition synthesis method is given

for the synthesis of AgBiSe2 CNCs. AgBiSe2 CNC solar cells with PCE reaching 2.6 %

have been fabricated in a similar way to the case of AgBiS2 CNC solar cells. In the last

part of the chapter, a hybrid method is presented for the synthesis of alloyed quaternary

AgBiSSe CNCs. It is shown that the optical properties of the alloyed quaternary CNCs

can be tuned simply by changing the selenium-to-sulfur precursor ratio.



Chapter 1. Introduction 26



2
Synthesis of AgBiS2 CNCs under Ambient

Conditions

AgBiS2 has been proposed as a promising non-toxic material for solution-processed solar

cells thanks to its attractive optical properties, such as a high absorption coefficient

(103 - 105 cm−1) and a suitable bandgap for single-junction solar cells (∼ 1.3 eV). [110]

Early reports based on Successive Ionic Layer Adsorption and Reaction (SILAR) [75]

and spray deposition [82] of AgBiS2 as a light harvesting layer in solar cells could

yield a maximum PCE of 1.7 %. With the utilization of hot injection method for the

synthesis, PCE of AgBiS2 CNC solar cells has been boosted to 6.3 %, proving to be a

promising contender for non-toxic solution-processed solar cells. [110]

Despite AgBiS2 is a non-toxic and relatively abundant material, the requirement

for costly chemical precursors (such as HMS - hexamethyldisilathiane) along with the

use of high temperature, vacuum and noble gases in the synthesis remain as an effort-

demanding problem to solve. This problem has to be tackled for the commercial viability

of this technology as the synthesis-related cost is a major bottleneck for the successful

commercialization of solar cells based on colloidal quantum dots/nanocrystals. [111]

27
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Thus, it is evident that a cost-effective synthesis and processing approach has to be

devised for a commercially reliable photovoltaics technology. The main objective of

this Chapter is to present a low-cost versatile synthesis method for AgBiS2 CNCs

that benefits from the air-insensitive precursors and low reaction temperatures under

ambient conditions to overcome the issues related to the traditional colloidal synthesis

methods that require Schlenk-line setup.

Although it is not easy to circumvent the requisite of protective reaction environ-

ment for every kind of nanocrystals due to oxidation and degradation, AgBiS2 CNCs

offer a unique opportunity thanks to their inertness under ambient conditions. [112]

By taking advantage of the inertness of AgBiS2 CNCs, there has been few attempts

showing ambient synthesis of AgBiS2 CNCs. Lei et al. demonstrated the possibility

of synthesizing very small AgBiS2 colloids at room temperature using polyethylen-

imine as the ligand for in vivo imaging and photothermal therapy. [113] Later, Mak

et al. published a study on graphene transistors sensitized with AgBiS2 CNCs synthe-

sized under ambient conditions, although the preparation of the precursor solution still

required a temperature of 120 °C. [114] However, the production of solar cell-grade

AgBiS2 CNCs performed entirely at room temperature and under ambient conditions

has remained elusive. In this thesis, we concomitantly address the aforementioned chal-

lenges by developing a solution-processed solar cell that is based on environmentally

friendly AgBiS2 CNCs that are produced via low-cost, readily up-scalable synthetic

chemistry under ambient conditions at room temperature using only commercially

available precursors.

As the previously reported hot-injection synthesis requires a high reaction temper-

ature and an air-sensitive sulfur precursor to achieve photovoltaics-quality nanocrystals,

the use of a protective environment becomes obligatory. To overcome the limitation

for inert reaction environment, we sought to use air-stable precursors that can be acti-

vated at room temperature. There are various strategies that have been employed in

previous studies to overcome the limitations enforced by air-sensitive sulfur precursors.

A very common strategy utilized in the literature is to use a solution of elemental

sulfur in amines [115–117] as it is less harmful and less sensitive to ambient conditions

compared to alternatives such as dialkyldithiocarbamates, carbon disulfide (CS2) and

thioacetamide. [118–120] Moreover, it is advantageous to utilize cheap, abundant and

non-toxic materials as precursors to lower the cost and the environmental risks related

to manufacture and disposal of the photovoltaics. Because of the benefits of this sulfur

precursor, we designed our synthesis approach around the reaction paths offered by

the sulfur-amine chemistry.

Despite the main role of amines in the designed reaction is the activating agent for
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the elemental sulfur, they can also act as soft ligands during the synthesis to prevent

nuclei from coalescing; hence, no other chemicals are needed for the nucleation and

growth of the CNCs, providing a way for simpler reaction mechanisms due to the

involvement of less chemical moieties in the reaction environment.

In this Chapter, we present a synthesis method for AgBiS2 CNCs that does not

necessitate air-free reaction medium or heating. In the first part, we show the effect

of the synthesis duration on AgBiS2 CNCs to demonstrate the speed of the proposed

synthesis route. The second part of this Chapter focuses on the purity of the obtained

AgBiS2 CNC dispersion with a special emphasis on the formation of secondary products,

such as metallic or binary phases. In addition, a study on the conversion of metallic

and binary phases to AgBiS2 is provided to demonstrate that AgBiS2 is the most

thermodynamically-favored product of the proposed synthesis scheme. In the following

section, the proposed reaction route is examined in detail in terms of its response

towards the use of different alkyl amines that act as both the reaction medium and

the ligand during nanocrystal nucleation and growth. It is shown via TEM and XRD

results that the CNC size can be reduced by the use of longer alkyl amines, which

demonstrates that the tailoring of the nanocrystals size is possible in this method.

In the last part of this Chapter, we give some insights into the proposed reaction

mechanism utilizing n-octylamine with elemental sulfur and metal iodide salts.

2.1 Room-temperature synthesis of AgBiS2 CNCs

As the first step in designing the synthesis method, we checked the effect of reaction time

on the nanocrystal properties. For this purpose, four different AgBiS2 CNC batches

were prepared using the same amount of precursors, but under different reaction times.

After the end of the reaction, the nanocrystals were purified via addition of an antisol-

vent and centrifugation (see Appendix A for further details). For characterization, TEM

and absorption spectroscopy were utilized to monitor the effect of the reaction time on

the size and absorption characteristics of the resulting nanocrystals (Figure 2.1). The

results demonstrated that the synthesis of AgBiS2 CNCs at room temperature did not

require long reaction duration thanks to fast reaction among amine-sulfur complex and

silver/bismuth iodide salts. This type of fast reaction at room temperature was pre-

sented for AgBiS2 CNCs in the literature previously. [113] One of the main observations

of this experiment was that the nanocrystals did not exhibit any pronounced difference

in the absorption spectra for varying reaction times. A slight increase in nanocrystal

size was observed for reaction times of 5 and 20 minutes (average nanocrystal size

was measured to be 3.25 and 3.47 nm for the synthesis duration of 5 and 20 minutes,
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Figure 2.1: Effect of the reaction time on nanocrystal growth. (a) Absorption spectra
and (b) TEM images of AgBiS2 CNCs under different reaction times.

respectively.). However, a noticeable increase of irregularity in nanocrystal shape was

detected when the reaction time was increased to 23 hours, giving an average size of

2.87 nm with a noticeably broader size distribution as visible in Figure 2.1. Although

shape and size changed from 5 minutes to 23 hours, no noticeable change was observed

in the absorption spectra of these nanocrystals, possibly due to very small Bohr radius

of AgBiS2.

2.2 Existence of binary and metallic phases in AgBiS2

CNC dispersions

As the second part in understanding the reaction of silver and bismuth iodides with

amine-sulfur complex, we performed experiments to determine the relative stability of

binary phases versus the ternary AgBiS2 phase. As the first trial, silver and bismuth

precursors were prepared by dissolving respective iodide salts in amines. Then, a

sulfur solution in amines was added into one of the precursor solutions to initiate the

nucleation of nanocrystals. As the next step, the other precursor solution was added

into the mixture to convert the binary CNCs into ternary AgBiS2 CNCs. Aliquots

were taken after additions to check the progress of the reaction (Figure 2.2a). In the

first experiment, we started with the synthesis of colloidal Ag2S CNCs. The addition

of the sulfur precursor into AgI solution initiated the formation Ag2S CNCs, which

could be easily observed via darkening of the color of the mixture. The absorption

spectrum of the solution after the addition of sulfur precursor showed the successful
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formation of Ag2S nanocrystals with a relatively small bandgap of around 1 eV. This

is expected as the reaction of silver salts with amine-activated elemental sulfur at room

temperature is a well-known synthesis method for Ag2S CNCs. [121, 122] After the

addition of the bismuth precursor, the absorption spectrum changed and the optical

bandgap increased to 1.2 eV (Figure 2.2a-b). This observation may be taken cautiously

as there is another possible route for the interaction of the bismuth precursor with

Ag2S CNCs in the mixture, such as Bi2S3 shell-coating on Ag2S CNCs. Yet, it is known

that Ag2S CNCs exhibit a pronounced quantum confinement effect thanks to the large

exciton Bohr radius of Ag2S, thus any change in nanocrystal size can be easily detected

via a change in optical bandgap as long as the nanocrystal radius is comparable to its

exciton Bohr radius. It has been reported that Ag2S CNCs with a size of 2.8 nm have

a PL peak around 1.2 eV whereas the ones with a size of 14 nm have PL peak around

1.0 eV. [123] Hence, any Bi2S3 shell-coating on the surface of the existing Ag2S CNCs

should have resulted in a bandgap lower than that of the starting Ag2S nanocrystals

(1 eV in this case) due to larger overall nanocrystal size. Thus, the increase in bandgap

cannot be attributed to the deposition of a Bi2S3 shell on Ag2S CNC surface, but to the

conversion of Ag2S CNCs into AgBiS2 CNCs. Although conversion from a binary phase

to ternary phase at room temperature and under ambient conditions seems unlikely

at first glance, a study published in 2016 presented a similar reaction in which a mere

addition of an indium salt and a mediating agent into the nanocrystal dispersion under

similar conditions was sufficient for complete conversion of Ag2S CNCs into AgInS2

CNCs. [123]

When the same experiment was repeated in reverse order, first Bi2S3 CNCs with a

bandgap close to 1.4 eV were formed at the initial stage (Figure 2.2a). The absorption

spectrum of these CNCs was found to have a distinctive feature around 600 nm, which

is not present in the absorption spectrum of colloidal AgBiS2 CNCs. [110,124] After the

addition of the silver precursor, the absorption profile of the CNC dispersion shifted

towards longer wavelengths, coinciding with that of AgBiS2 CNCs. Yet, this small

change in absorption spectrum, due to similar bandgaps of Bi2S3 and AgBiS2 CNCs,

was found to be insufficient to support the claim that the conversion of Bi2S3 into

AgBiS2 CNCs was possible. To verify the conversion process, XRD spectra of the

samples were collected after the purification of the resulting nanocrystals. XRD results

indicated that the conversion was successful even at room temperature under ambient

conditions (Figure 2.2c). This result is in accord with a recently published study that

has shown that the conversion of Bi2S3 CNCs into AgBiS2 CNCs is possible with the

use of Ag-thiol chemistry at slightly elevated temperatures. [125] Here, it should be

also noted that no traces of initial CNC populations was encountered in XRD spectra
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Figure 2.2: Conversion of metallic and binary phases into ternary phase.
(a)Absorption spectra of solutions after the addition of each precursor into the first
metal precursor solution in linear scale (Black: S into AgI forming Ag2S CNCs, Brown:
S into BiI3 forming Bi2S3 CNCs, Red: AgI into Bi2S3 CNCs and Orange: BiI3 into
Ag2S CNCs). (b) The same plot (a) given in logarithmic scale to emphasize the change
in the long wavelength range after each process. (c) XRD spectra demonstrating the
conversion of the Ag2S and Bi2S3 CNCs into AgBiS2 CNCs with the addition of the
required precursors into the reaction mixture. (d) Absorption of the solutions after the
addition of each portion of bismuth precursor into Ag2S CNCs dispersion. (e) Absorp-
tion of the commercial Ag CNC dispersion before (black) and after the addition of
various amounts of sulfur (brown) and bismuth + sulfur (orange) precursor. (f) XRD
spectra of Ag CNCs before and after the addition of the respective precursors (Brown
bars: peaks of Ag2S in bulk, black bars: peaks of Ag in bulk).
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after conversion and cleaning steps, which shows the benign nature of this method for

the synthesis of AgBiS2 CNCs.

In the second part, a supplementary experiment was performed to show the gradual

conversion of Ag2S CNCs into AgBiS2 CNCs by addition of bismuth precursor in small

portions instead of adding all at once to have a better insight into this conversion process.

Our results demonstrated that the change in absorption spectrum was observable even

for a Bi/Ag ratio of 0.25 (Figure 2.2d). This suggests that the ternary AgBiS2 phase

is more thermodynamically-favorable and more probable to form in this reaction

compared to the binary Ag2S and Bi2S3 phases. This shows that the ternary phase

is the major product of this synthesis method as long as there is sufficient amount

of both of the metal precursors in the reaction mixture to promote the formation of

ternary CNCs.

In the last part, we explored the possibility of having Ag CNCs in the final

dispersion as a side product of this reaction. Ag CNCs are known to the scientific

community for a long time and their optical properties are very well-known. [126,127]

The strong plasmonic feature in their absorption spectrum makes it easy to detect their

presence in a colloidal dispersion by optical spectroscopy. Although no plasmonic peak

was observed in the absorption spectrum of our AgBiS2 CNCs within the detection

limit of the instruments used, we decided to verify that Ag CNCs, which may have

formed via any side reactions, cannot stay as metallic nanoparticles thanks to the

highly reactive nature of the sulfur-amine complex used in our synthesis method. For

this purpose, a commercial Ag CNCs solution in hexanes was utilized as the starting

material. After repeated purification cycles via the addition of an antisolvent and

centrifugation, Ag CNCs were dispersed in toluene and their absorption spectrum was

recorded (Figure 2.2e). Ag CNCs had a very strong plasmonic peak around 420 nm

before the addition of the sulfur precursor. When a solution of sulfur in amine was

added to Ag CNCs dispersion in portions, this strong peak at 420 nm blue-shifted and

disappeared gradually in minutes and an absorption spectrum, which is very similar to

that of Ag2S CNCs, was observed. This change in absorption characteristics indicates

that Ag CNCs can be converted into Ag2S CNCs with the addition of sulfur-amine

precursor at room temperature. Furthermore, the conversion of Ag CNCs into AgBiS2

CNCs were confirmed by addition of bismuth and sulfur precursors into Ag CNCs in

amines. XRD spectra showed that the conversion of Ag CNCs into Ag2S and AgBiS2

CNCs could be easily achieved with the addition of suitable amount of Bi and S

precursors into Ag CNC dispersion (Figure 2.2f). These findings corroborate that our

synthesis methodology is not prone to the formation of either Ag CNCs or binary
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phases thanks to more thermodynamically-favorable AgBiS2 CNCs compared to other

possible products of this synthesis route.

Figure 2.3: XPS analysis of AgBiS2 CNCs synthesized with chloride salts of silver
and bismuth and treated with a mixture of thiol and TMAI ligands (a : Bi-4f, b : Ag-3d,
c : S-2s, d : I-4d).

2.3 Synthesis of AgBiS2 CNCs with alternative metal

salts
As another study, we checked if it was possible to synthesize AgBiS2 CNCs using dif-

ferent halides of silver and bismuth. For this purpose, we utilized silver and bismuth

chlorides as the starting materials. After dissolving chlorides of silver and bismuth in

n-octylamine, a sulfur solution in amines was injected and the mixture was stirred

for homogeneous reaction. Then, AgBiS2 CNCs were purified in a similar way used

for AgBiS2 CNCs synthesized using iodide salts. After the synthesis and purification,

AgBiS2 CNC films were deposited on clean ITO coated glass via solid-state ligand

exchange approach using a mixture of thiol and TMAI as the ligand for X-Ray Pho-

toelectron Spectroscopy (XPS) analysis (Figure 2.3). For the CNCs synthesized from

chloride salts, two Bi-4f doublets were observed for the bismuth, one located at 158.3 eV

and another at 158.7 eV. In addition, a S-2p doublet at 161.1 eV was detected between

Bi-4f doublets. Two doublets were used to fit the spectrum of Ag-3d, with locations of
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367.9 and 368.0 eV. For sulfur, two singlets (at 225.5 and 226.0 eV) were used to fit

S-2s spectrum. XPS analysis yielded an elemental ratio of Bi/Ag and S/Ag of 1.96 and

1.92, respectively. The presence of both Ag and Bi indicates that chloride salts can form

AgBiS2 CNCs as it has been already demonstrated in the previous section that the

ternary phase is the most thermodynamically-favored product in this synthesis route.

Yet, it was observed that the chloride salts caused an increase in bismuth content of

AgBiS2 CNCs (Table 2.1). In addition, a very weak I-4d signal was detected with a

I/Ag ratio of 0.04, which is possibly due to the residue left by TMAI ligand used in the

film deposition process. This is an expected result since the surface of AgBiS2 CNCs

are terminated by thiols after the reaction and TMAI ligands cannot replace thiols

attached on the surface of the nanocrystals in a simple solid-state ligand exchange

process performed under ambient conditions.

Table 2.1: Elemental ratios (normalized to Ag-3d) of AgBiS2 CNCs synthesized using
chloride salts of silver and bismuth and treated with a mixture of thiol and iodide
ligands.

Ag Bi S I

1.00 1.96 1.92 0.04

2.4 Effect of ligands on AgBiS2 CNCs
Up to this point, we explored the synthesis conditions in terms of reaction time and

observed that AgBiS2 CNCs could be formed even with a reaction time of as short as 5

minutes at room temperature. We confirmed experimentally that the ternary phase is

the main product of the ambient condition synthesis. We also verified that other metal

halides could also be used as the metal precursors. Thus, there remains one parameter

to be checked for a complete exploration of the parameter space for this synthesis route.

In the current synthesis method, amines are used both as the reaction medium and

as the ligands during the formation of the nanocrystals. As the ligands used during

the nucleation and growth of nanocrystals can have an effect on the nanocrystal size

and shape, we performed the synthesis of AgBiS2 CNCs using amines with different

chain length to probe the effect of the ligands. Thanks to the solubility of the silver

and bismuth iodides in amines, we could successfully cover a wide range of n-alkyl

amines with varying chain length, starting from 4-carbon n-butylamine up to 18-carbon

oleylamine. For all amines utilized in this study, colloidal AgBiS2 nanocrystals could

be obtained (Figure 2.4a). Transmission electron microscopy (TEM) images indicated

that the size of the nanocrystals can be increased by employing shorter chain amines, as

expected, thanks to the lower steric hindrance effect of shorter carbon backbone. [128]



Chapter 2. Synthesis of AgBiS2 CNCs under Ambient Conditions 36

The crystal size of the respective AgBiS2 CNCs dispersions was also confirmed via

X-Ray Diffraction (XRD) measurements using Sherrer equation.

Figure 2.4: Structural and optical characterization of room-temperature AgBiS2

nanocrystals. (a) TEM images showing the shapes of nanocrystals synthesized us-
ing different amines (upper left: oleylamine, upper right: n-octylamine, lower left: n-
hexylamine and lower right: n-butylamine), (b) XRD spectra of AgBiS2 nanocrystals
synthesized via our new room-temperature technique using different amines (Brown:
oleylamine red: n-octylamine, orange: n-butylamine) (Black bars show the peak posi-
tions of the bulk AgBiS2) and (c) Comparison of the absorbance spectra of AgBiS2

nanocrystals in octane which are synthesized via different methods (Black: via Schlenk-
line; brown, red, orange and yellow: room-temperature method using oleylamine, n-
octylamine, n-hexylamine and, n-butylamine respectively. Curves are plotted with offset
for ease of viewing.).

d =
Kλ

β cos(θ)
(2.1)

Here, d is the crystal size, K is a dimensionless shape factor (0.9), λ is the wave-

length of the X-ray source (0.15046 nm), β is the full-width at half maximum in radians

and θ is the Bragg angle. The tuning range of the nanocrystal size was found to be

2.5-3.3 nm for oleylamine and n-butylamine, respectively (Table 2.2 and Figure 2.4b).
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Table 2.2: Size comparison of AgBiS2 nanocrystals synthesized via Schlenk-line and
room-temperature methods using different amines with metal iodide precursors. The
nanocrystal size decreases with increasing chain length of the amine.

Sample Nanocrystal Size Nanocrystal Size Standard Deviation

(XRD) [nm] (TEM) [nm] (TEM) [nm]

Oleic acid 4.34 4.6 0.94
N-butylamine 3.11 3.26 0.93
N-octylamine 2.53 2.96 0.90
Oleylamine 2.55 2.54 0.82

As it can be seen from Figure 2.4c, the absorption characteristics of the AgBiS2 CNCs

measured in solution are very similar for hot-injection and room-temperature synthesis

methods. A bandgap of 1.2 eV is extracted from the Tauc plot for room-temperature

nanocrystals, which is suitable for single-junction photovoltaics (Figure 2.5). Although

it is possible to perform synthesis with all the ligands listed above, we found that

n-octylamine was the best among the amines utilized in this study for the synthesis of

AgBiS2 CNCs. This choice was made thanks to the combined advantages of commercial

availability, low cost, low evaporation rate and suitable viscosity of n-octylamine at

room temperature, which makes this ligand less costly and easier to work with (Table

2.3). For this reason, we optimized the rest of our processes for the fabrication of

photovoltaic devices using the nanocrystals synthesized in n-octylamine with elemental

sulfur and metal iodide precursors.

Figure 2.5: Tauc plots of Schlenk-line (Orange: oleic acid) and room temperature
(Brown: n-octylamine with metal iodide precursors) AgBiS2 nanocrystals. Although
in the high-energy portion of the spectrum both curves overlap, they show noticeable
difference in the low-energy region. Room-temperature nanocrystals have a sharper
decrease compared to Schlenk-line nanocrystals towards longer wavelength.
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Table 2.3: Boiling point, vapor pressure and price of n-butylamine, n-hexylamine,
n-octylamine and oleylamine.

Ligand Boiling Point Vapor Pressure Cost
(°C) (mmHg) ( /ml)

N-butylamine (99 %) 78 68 @ 20 °C 0.026
N-hexylamine (99 %) 131 7.95 @ 20 °C 0.229
N-octylamine (99 %) 175 1 @ 20 °C 0.116
Oleylamine (98 %) 350 8 @ 135 °C 0.142

Table 2.4: XPS analysis (Normalized to Ag-3d peaks) of AgBiS2 nanocrystals syn-
thesized via Schlenk-line (oleic acid, treated with TMAI) and room temperature (n-
octylamine with metal iodide precursors, treated with ethanethiol) methods. The results
show that Schlenk-line method gives Ag-rich nanocrystals whereas room-temperature
method yields Bi-rich nanocrystals.

Sample Ag (3d) Bi (4f) S (2p)

Oleic acid 1.00 0.78 1.05
N-octylamine 1.00 1.30 1.49

Figure 2.6: XPS scans of AgBiS2 nanocrystals synthesized via Schlenk-line (a: Silver-
3d, c: Bismuth-4f and e: Sulfur-2s) and room temperature (b: Silver-3d, d: Bismuth-4f
and f: Sulfur-2s) methods. All the major peaks were found to have very similar binding
energies for room temperature and Schlenk-line AgBiS2 nanocrystals.

XPS analysis showed that AgBiS2 nanocrystals synthesized at room-temperature

with iodide salts were bismuth-rich (1:1.30) unlike Ag-rich AgBiS2 nanocrystals ob-



392.5. Proposed reaction mechanism for room-temperature synthesis of AgBiS2 CNCs

tained via hot-injection method (1:0.78) (Table 2.4). [110] Ag-3d gave a single doublet

(at 368.0 eV, Figure 2.6a-b) for both types of nanocrystals. Two doublets were required

to fit the bismuth-4f peaks (at 158.0 & 159.0 eV, the ratios of the areas of the doublets

were 0.53 for room temperature and 0.46 for Schlenk-line nanocrystals, Figure 2.6c-d).

The main component of S-2s signal of room-temperature nanocrystals showed a small

shift from that of Schlenk-line nanocrystals (225.3 and 225.4 eV. See Figure 2.6e-f).

Moreover, the sulfur content of the room-temperature nanocrystals was found to be

higher than that of Schlenk-line nanocrystals (1.49 vs. 1.05), which may result from

the presence of thiols on the surface.

2.5 Proposed reaction mechanism for room-temperature

synthesis of AgBiS2 CNCs
The activation of elemental sulfur by amines is a key step in the synthesis of metal sulfide

nanocrystals at room temperature. According to a study published in the literature,

elemental sulfur forms alkylammonium polysulfides when dissolved in amines at low

temperatures. [129] Although elemental sulfur is not sufficiently reactive towards silver

and bismuth iodides at room temperature, alkylammonium polysulfides can react with

these metal iodides under ambient conditions. As the solubility of Ag-sulfide and Bi-

sulfide monomers is negligible in amines, the nucleation of AgBiS2 occurs, which is

manifested by gradual darkening of the reaction mixture. After the reaction, in-situ

formed iodine/iodide is dissolved by the amines, possibly iodine forming a charge

transfer (CT) complex with amines as described in a previous study. [130] Our findings

support that alkyl ammonium iodide salts are formed as the byproduct of this reaction

(Figure 2.7).

To gain insight into the nature of this reaction, we first probed the interaction of

cation precursors with amines. Fourier-transform Infrared (FTIR) spectroscopy was

performed on samples prepared by spin coating AgI (0.4 M), BiI3 (0.4 M) and AgI-

BiI3 (0.2 M each) solutions in n-octylamine onto clean double side polished silicon

wafers. Our findings showed that AgI did not cause any significant alteration in the

FTIR spectrum of n-octylamine, indicating that AgI did not interact with n-octylamine

strongly (Figure 2.7a). BiI3 caused a small shift of the N-H peak probably due to a

stronger interaction of BiI3 with the nitrogen of the n-octylamine molecule (from

3331 cm−1 for only n-octylamine to 3319 cm−1 for 0.4 M BiI3). This redshift of N-

H peak is very similar to the observations reported previously on PbS-butylamine

[72] and MAPbI3 · DMSO [131] systems. Although BiI3 interacts with n-octylamine,

this interaction could be easily overcome by slight heating of the film. After a mild

heat treatment at 90 °C, no signal from n-octylamine was detected, indicating the
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Figure 2.7: FTIR examination of precursors and reaction byproducts. (a) FTIR
response of the metal iodide precursors spun coated from n-octylamine (black: n-
octylamine, brown: AgI, red: BiI3, orange: AgI-BiI3 mixture and yellow: AgI-BiI3

mixture after annealing), (b) FTIR analysis of the reaction byproducts (brown), of
iodine-amine complex (red) and of n-octylammonium iodide (orange) showing the
resemblance of the FTIR spectrum of the reaction byproducts to those of iodine/n-
octylamine CT and n-octylammonium iodide salt (Curves are plotted with offset for
ease of viewing.).

complete removal of the organics from the film. To verify our proposed reaction path, the

supernatant obtained during the purification of nanocrystals was used to examine the

reaction byproducts. The obtained supernatant was directly spun coated on to a clean

silicon wafer and annealed. After heat treatment, free n-octylamine evaporated and

left behind a solid residue on the substrate. The absence of a strong N-H peak around

3300 cm−1 for this residue indicated that this compound was formed by the interaction

of nitrogen of the n-octylamine with the precursors or with the byproducts of the

reaction (Figure 2.7b). However, from Figure 2.7a it is evident that AgI - BiI3 - amine

interaction can be easily ruptured by a mild heat treatment, liberating free amines.

Hence, the disappearance of the N-H peak cannot be attributed to the interaction of

amines with the metal iodides. To investigate this mechanism further, an iodine-amine

solution was prepared under ambient conditions and spun coated on a silicon wafer. The

difference in the FTIR spectra before and after heat treatment indicated the formation

of a stable iodine-amine interaction, which was demonstrated by the formation of a

shoulder around 3050 cm−1 and disappearance of the N-H peak around 3330 cm−1.

The resemblance of the spectrum of the iodine-amine complex to the spectrum of the

supernatant suggests that iodine-amine complex is a byproduct of this reaction. Here,

it should also be noted that iodine-amine complexes are prone to transformation into

alkylammonium iodide salts in the presence of moieties which are naturally present in

ambient air, such as moisture, [132] and that alkylammonium iodide salts possess an

infrared response similar to that of the iodine-amine complexes (Figure 2.7b). Given
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that the solvents were used without drying and that all the synthesis, purification and

sample preparation steps were carried out in air, it is likely that the iodine-amine

complex present in the supernatant was transformed into alkylammonium iodide salt

during the course of the reaction, thus making alkylammonium iodide salts a major

byproduct of this reaction.
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3
AgBiS2 CNC Photovoltaics via Ambient

Synthesis Method

In Chapter 2, the parameter space for the reaction of metal halide salts with elemental

sulfur in amines was discussed in detail. Under the light of the findings of Chapter 2, it

was found advantageous to employ elemental sulfur, metal iodide salts and n-octylamine

as the precursors and reaction medium for the ambient condition synthesis of AgBiS2

CNCs, respectively. This Chapter focuses on the optoelectronic studies performed on

AgBiS2 CNCs obtained via this synthesis route to show the promising features of this

new method.

Although long ligands are effective in forming colloidally-stable nanocrystal disper-

sions, it is required to have shorter ligands on the surface of the nanocrystals to facilitate

the charge transfer in a photovoltaic device. In a study reported previously, [110] a

tetramethylammonium iodide (TMAI) treatment was utilized to exchange long oleate

groups on the surface of AgBiS2 CNCs with iodide ions. However, the deposition of

multiple layers of AgBiS2 CNCs with TMAI treatment alone is not possible in our case

due to the high chemical affinity of 1-octanethiol towards silver and bismuth cations

43
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compared to the iodide anions. To overcome this issue, we developed a new ligand

exchange strategy based on alternative ligands for the removal of long and insulating

1-octanethiol from the nanocrystal surface. To show the importance of our findings, a

detailed study on different ligand exchange strategies is presented to demonstrate the

change in device performance with respect to the ligand used in the CNC film forma-

tion. To highlight the origin of the difference, we make extensive use of optoelectronic

characterization methods, such as current-voltage (J-V) measurements under dark and

light bias and external quantum efficiency (EQE) measurements. Then, a more detailed

characterization of the optimized structure is provided via utilization of advanced tech-

niques, such as light intensity dependent J-V measurements, transient photovoltage

(TPV) and transient photocurrent (TPC). In addition, we present information about

the morphology of the devices using both planar and cross-sectional scanning electron

microscopy (SEM) images to show the quality of the room-temperature AgBiS2 CNC

thin films.

In the first part of this Chapter, a ligand study for AgBiS2 CNCs that are pre-

pared via ambient synthesis method is presented. First, we show through both FTIR

and optoelectronic studies that the 1-octanethiol molecules bound to the CNC sur-

face can be removed partially with the use of ZnI2 treatment. ZnI2-treated AgBiS2

CNC solar cells yielded a PCE of only 3.1 %, possibly due to the incorporation of

zinc into the film. In the second part, we focus our attention onto thiol ligands as

they are chemically less aggressive towards AgBiS2 CNCs. The solar cells that were

prepared by treatment with different alkyl thiols showed higher PCE compared to

the solar cells that were prepared with ZnI2 treatment. Among all the thiol ligands

studied in this part, ethanethiol-treated AgBiS2 CNC solar cells gave the highest PCE

of 5.5 %, which is close to the record PCE of 6.3 % for the best-performing AgBiS2

CNC solar cell upto date. [110] In the following part of this Chapter, we provide the

reader with the results of the optoelectronic characterization that were performed on

the ethanethiol-treated solar cell. Through use of optoelectronic characterization tech-

niques, we show that the ethanethiol treatment plays an important role in reducing

the trap-assisted recombination by passivating the surface defects of AgBiS2 CNCs

synthesized in ambient conditions. In the last part of this Chapter, a simple calcula-

tion is provided to show the lower cost of this method compared to the hot-injection

methods thanks to the replacement of costly precursors with the cheaper and more

air-stable alternatives.
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3.1 ZnI2 as a ligand for AgBiS2 CNC solar cells
As ligand exchange constitutes an important part of CNC film formation that can affect

optoelectronic properties of the resulting device, an extensive study was carried out to

choose the best ligand to achieve the optimum photovoltaic performance from AgBiS2

CNC solar cells. For this purpose, we tried different molecules from different ligand

families, such as metal iodides and thiols. Among different iodide ligands, including

tetramethylammonium iodide (TMAI), zinc iodide (ZnI2) and bismuth iodide (BiI3),

only ZnI2 was found to yield an acceptable efficiency of more than 3 % (Figure 3.1).

In addition to an acceptable PCE of 3.1 % thanks to the replacement of thiols with

iodide, it was discovered that ZnI2 treatment introduced Zn into the AgBiS2 CNC

film, possibly due to a partial cation exchange with Bi on the surface of the CNCs.

The incorporation of cation of the ligand into the film can be explained with the

higher reactivity of ZnI2 compared to other iodide ligands, such as TMAI. From this

perspective, it behaves different from the other iodide ligands in terms of chemical

behavior. [133] Because of these reasons, we found beneficial to include the results of

solar cells prepared via ZnI2 treatment into this study to provide the reader with a

more profound understanding of the ligand chemistry of these nanocrystals for further

improvement of the device performance.

FTIR measurements demonstrated that ZnI2 could replace some of 1-octanethiol

on the surface of the nanocrystals (Figure 3.1a). However, the presence of the peaks in

the range 2800-3000 cm−1 hinted that the ligand exchange process was not complete as

these peaks correspond to C-H modes that are present in 1-octanethiol molecules. [134]

The best result obtained through the use of ZnI2 ligand was 3.1 %, with a VOC of 0.46

V, a JSC of 11.5 mA cm−2 and a fill factor of 0.58 (Figure 3.1b). Although VOC of

0.46 V is close to the value reported before, a JSC of 11.5 mA cm−2 falls very short

of the best JSC reported previously, thus raising questions about the effectiveness of

this ligand for AgBiS2 CNCs. [110] EQE curve showed that these solar cells could

absorb photons effectively in the visible spectrum, however, near infrared photons were

not absorbed to a significant degree due to diminishing absorption of the film in this

spectral region (Figure 3.1c). In addition, the peak in the 600 - 650 nm region in EQE

spectrum was suppressed compared to the one reported for Schenk-line AgBiS2 CNCs.

This also hinted at reduced carrier transport efficiency within the AgBiS2 CNC layer.

The calculated JSC from EQE curve was found to be 13.8 mA cm−2, which was more

than the measured value of 11.5 mA cm−2. This also supports that some of the carriers

were lost in the transport process, possibly due to limited mobility-lifetime product

in these films. The device statistics showed that the majority of the devices gave an

efficiency in the 2.5 - 3.0 % range when the devices were prepared with ZnI2 (Figure
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Figure 3.1: Effect of ZnI2 on device characteristics of AgBiS2 CNCs. (a) FTIR study
showing the incomplete removal of 1-octanethiol from the surface of the nanocrystals
treated with ZnI2, (b) J-V curves in dark and under 1 Sun light bias, (c) EQE curve
and (d) devices statistics of AgBiS2 CNC solar cells treated with ZnI2.

3.1d).

Table 3.1: Elemental content of AgBiS2 NCs treated with ZnI2 (Normalized to Ag-3d).

Ag Bi S I Zn

1.00 1.08 1.06 0.46 0.11

XPS analysis revealed that the films of AgBiS2 CNCs prepared with ZnI2 contained

significant amount of I although the film was rinsed with methanol (an effective solvent

for ZnI2) after ligand treatment (Table 3.1). This suggests that ZnI2 can replace 1-

octenthiol on the surface of these CNCs, although this replacement is not complete

as shown by FTIR results previously. Moreover, the results demonstrated that Bi/Ag

ratio was close to ideal 1.0 as opposed to 1.3 for AgBiS2 CNCs treated with thiol

ligands and that Zn was present in the film. Thus, ZnI2-treatment caused a reduction

in the bismuth content of CNCs by replacement of Bi cations on the surface of CNCs

with Zn cations (Zn/Ag = 0.11), possibly forming an incomplete ZnS shell on AgBiS2
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CNCs. This was also supported by the observation that a higher VOC and a lower

JSC were obtained when devices were prepared via ZnI2 treatment compared to the

thiol treated devices (Section 3.2). As ZnS has a relatively larger bandgap and it can

form a type-I junction with AgBiS2 CNCs due to position of its energy levels, [135]

it is expected that a shell of ZnS can provide better surface passivation, which can

yield high VOC . Yet, it can show stronger impedance to charge transport due to its

higher bandgap, which may result in lower JSC compared to the devices without ZnS

shell.

Figure 3.2: XPS analysis of AgBiS2 CNCs treated with ZnI2 ligand (a: Bi-4f, b: Ag-3d,
c: S-2s, d: I-3d and e: Zn-2p spectrum).

In terms of peak positions, XPS spectra did not show any unexpected behavior

(Figure 3.2). The peak positions of two Bi-4f doublets were found to be 158.4 and 159.2
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eV, respectively. Two doublets resulting from Ag-3d orbitals are located at 368.0 and

368.1 eV. The majority of the S-2s spectrum could be fitted using two singlets (at 225.7

and 227.7 eV), although the contribution of the second peak is very small compared

to the main S-2s peak. The fitting of I-3d spectrum required two doublets located at

618.9 and 619.3 eV. The Zn-2p spectrum could be fitted only with one doublet located

at 1022.0 eV.

3.2 Thiols as ligands for AgBiS2 CNC solar cells

As AgBiS2 CNCs are already covered by long 1-octanethiol after the synthesis, it is

required to choose another ligand that can replace the bound 1-octanethiol molecules

to facilitate charge transport within AgBiS2 CNC layer. However, the chosen ligand

cannot be very reactive to prevent the surface modification of the CNCs, as in the

case of ZnI2, for it can cause stoichiometric deviations via cation-selective etching. For

this reason, it was found advantageous to utilize an organic thiol molecule that is less

damaging to the surface of the nanocrystals. It is known that thiols can act as soft

ligands for colloidal nanocrystals and this observation has been exploited in many

applications. [136,137] It has been also shown that certain types of nanocrystals can

achieve acceptable device performance when treated with short chain thiols to form

thin films. [138–140] Thus, we decided to follow this approach and studied the effects of

different thiol molecules with different chain length on the photovoltaic performance of

AgBiS2 CNC solar cells. First, ligand solutions with equal concentrations were prepared

using the following thiols: ethanethiol (ET - 2 carbon), 1-propanethiol (PropSH - 3

carbons), 1-butanethiol (ButSH - 4 carbons) and thiophenol (PhSH, 6 carbons in the

form of a benzene ring). Then, solar cells were prepared using these ligand solutions

with the same processing parameters to ensure a fair comparison. The chemical struc-

tures of these ligands are provided in Figure 3.3 to highlight the differences among

these molecules.

Our results indicated that the device performance exhibited a steady decrease

with longer carbon backbone of the thiol used for film formation (Table 3.2). For the

shortest thiol with 2-carbon backbone (ET), the power conversion efficiency reached a

promising value of 4.85 % whereas the device efficiency exhibited a noticeable drop to

4.53 % for the longest carbon backbone ligand (ButSH) used in this study. This shows

that the chain length of the ligand has a direct effect on the device performance. This

results from the fact that long alkyl groups are inherently electronic insulators. Thus,

the existence of these molecules can impede the charge transfer and this can reduce the
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Figure 3.3: Thiol ligands utilized in this study. (a) ethanethiol (ET - 2 carbons), (b)
1-propanethiol (PropSH - 3 carbons), (c) 1-butanethiol (ButSH - 4 carbons) , (d) thio-
phenol (PhSH, 6 carbons in the forms of a benzene ring) and (e) 3-mercaptopropionic
acid (MPA - 3 carbons).

device performance with an efficiency suppressing capacity depending on their length

and concentration in the film. In our experiment, we found that the alkyl thiols with

relatively short chain length (compared to 1-octanethiol that was already present on

the surface of the nanocrystals) were effective in forming photovoltaic-quality AgBiS2

CNC films for efficient photovoltaics.

Table 3.2: Effect of different thiols on the performance of AgBiS2 NC solar Cells.

Ligand Efficiency VOC FF JSC JSC,EQE
(%) (V) (mA cm−2) (mA cm−2)

Ethanethiol 4.85 0.44 0.60 18.51 21.04
1-propanethiol 4.76 0.44 0.56 19.41 21.31
1-butanethiol 4.53 0.42 0.54 20.03 21.28
Thiophenol 4.08 0.48 0.56 15.11 17.84

The close similarity of the EQE spectra for all solar cells prepared with alkyl thiols

showed that the thickness of AgBiS2 CNC layers in these devices were almost identical

as the peaks in EQE spectra are formed due to optical resonance which is a strong

function of the thickness of the AgBiS2 CNC layer (Figure 3.4a). Thus, the change in

efficiency is not a result of a variation in the thickness of AgBiS2 CNC layer, but a

result of the length of the alky group of the ligand utilized for film formation.

We also included an aromatic thiol into the ligand study to test the effect of a

benzene ring on the charge transfer in the absorber layer. For this purpose, we utilized

the simplest aromatic thiol molecule, which is thiophenol. We found that the solar cell
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treated with thiophenol gave a VOC of 0.48 V although the devices prepared with alkyl

thiols yielded a VOC in the range of 0.42 - 0.44 V. When we examine closely the EQE

spectrum of this device we can see that EQE of this device drops faster in the near

infrared region compared to the ones prepared with alkyl thiols. This fast drop in the

infrared region of the spectrum was also reflected in lower JSC for this device (both

the measured one and the one calculated from EQE spectrum). When combined with

the observation that the scaled up version of this EQE curve showed a peak at a very

similar wavelength with other devices, it is reasonable to claim that the higher VOC

and lower PCE of the device prepared with thiophenol did not stem from different

thickness of AgBiS2 CNC layer.

Figure 3.4: Effect of different thiols on the performance of AgBiS2 CNC solar Cells.
(a) EQE spectra of devices prepared with different thiols, (b) FTIR spectra showing
the exchange of 1-octanethiol (OctSH) with thiophenol (PhSH) (Curves were plotted
with offset for ease of viewing.).

A close examination of the film formation via FTIR spectroscopy revealed that

thiophenol treatment caused a significant reduction of the C-H peaks in the range 2750-

3000 cm−1 and introduced new peaks into the spectrum (Figure 3.4b). The presence of

the peak at 3050cm−1 after thiophenol treatment, which corresponds to the vibrational

frequencies of the benzene ring, [141] demonstrated that it was possible to replace

most of the bound 1-octanethiol with thiophenol under ambient conditions (Figure

3.4b).

Thus, it can be concluded that the attachment of thiophenol onto the surface of

AgBiS2 CNCs can effectively increase VOC of the solar cells, yet this increase in VOC

is accompanied by a significant decrease in JSC , causing an overall drop in PCE. Thus,

it is evident from the results of this Section that ET is the best performing ligand
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for high performance AgBiS2 CNC solar cells although all of the ligands molecules,

both alkyl thiols and aromatic thiol used in this ligand study, can yield acceptable

performance in AgBiS2 CNC solar cells.

3.3 Thiol=iodide mixed ligands for AgBiS2 CNC so-

lar cells
There are multiple studies in the literature showing that the use of a mixed ligand

approach can enhance the device performance effectively. [140] In our case, it is already

known that simple iodide ligands, such as TMAI, are not capable of replacing thiols

alone (see Section 2.3), although they may behave as co-ligands to enhance the perfor-

mance of the solar cells as it was demossntrated in previous studies that TMAI could

perform as an effective ligand for oleate-capped AgBiS2 CNCs. [110]

Table 3.3: Effect of different thiol iodide mixtures on the performance of AgBiS2 CNC
solar cells.

Ligand Efficiency VOC FF JSC JSC,EQE
(%) (V) (mA cm−2) (mA cm−2)

ET+TMAI 4.53 0.45 0.61 16.52 19.05
PropSH+TMAI 3.85 0.44 0.63 13.92 15.29
ButSH+TMAI 3.69 0.44 0.6 13.95 15.71
MPA+TMAI 0.003 0.04 0.26 0.29 –

To test this hypothesis, we utilized mixtures of TMAI with different thiols. As it

can be seen from Table 3.3, the best efficiency was obtained using ET/TMAI mixture.

However, the presence of iodide did not affect the trend in efficiency with respect to

the length of the ligand in a noticeable manner. This time, we also included another

thiol from a slightly different family, 3-mercaptopropionic acid (MPA), into the study

to observe the effect of acidity of the ligand introduced by the carboxylic group present

in this molecule on the device performance. For the concentration level used to pre-

pare this ligand solution (0.2 % v/v in methanol), the effect of this ligand was very

pronounced compared to the other ligands. Although 1-propanethiol, its thiol analogue

without a carboxylate group, gave an efficiency of 3.85 %, MPA effectively quenched

the photovoltaic response of the device, possibly introducing significant defect states on

the surface of the nanocrystals and increasing recombination rate within the absorber

layer due to the presence of a relatively strong acidic group. It was also observed that

the films deposited using MPA contained significant amount of cracks, which may be

another explanation why we could not achieve any appreciable efficiency under cur-
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rent processing conditions. Thus, the results of this study suggests that the presence

of iodides in the ligand solution does not affect the photovoltaic performance of the

devices to a significant degree, but a relatively acidic ligand solution (MPA) is capable

of quenching the photocurrent efficiently.

Figure 3.5: Fine-tuning of thickness of AgBiS2 CNC solar cells treated with ET. (a)
Change of device efficiency with respect to the thickness of AgBiS2 CNC layer. (b)
EQE spectra of the devices in (a).

3.4 Structural optimization of AgBiS2 CNC solar

cells
The optimization of the layer thickness plays an important role in thin film solar cells

as the optical resonance modes due to the presence of multiple thin layers with different

refractive indices in these devices can alter the effective absorption spectrum of the

device. As the maximum JSC obtainable from a solar cell is bound by the amount of

light absorption of the solar cell, it has utmost importance to maximize the absorption

by the device to cover the solar irradiance spectra extensively. Upto this point, we used

a thickness of 35-40 nm for AgBiS2 CNC layer, as it was pointed out that 37 nm was

the optimal thickness for this device structure with AgBiS2 CNC film in a previous

study. [110] After determining the effect of different ligands on device characteristics, we

directed our attention from ligand exchange study into the optimization of the thickness

of the AgBiS2 CNC layer to confirm the validity of this finding for our devices. In

this part, we used a relatively less concentrated dispersion of AgBiS2 CNCs (20 mg

ml−1) to deposit multiple layers of AgBiS2 in a more controlled manner. The results

of this study are provided in Figure 3.5. According to these results, the best efficiency

was obtained when four layers of AgBiS2 CNCs were used (the total thickness of the

AgBiS2 CNC layer was close to 40 nm). This showed that room temperature AgBiS2
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CNCs behaved in very similar way to Schlenk-line AgBiS2 CNCs in terms of optical

behavior. The red shifting of the peaks in EQE spectra with respect to the thickness of

AgBiS2 CNC layer confirmed the successful deposition of AgBiS2 CNCs due to strong

dependence of peak positions in EQE spectrum on layer thickness for thin-film solar

cells as discussed previously.

Figure 3.6: Surface morphology of AgBiS2 thin layers deposited on top of ITO glass
at different magnification showing the smoothness of the films.

3.5 Characterization of optimized AgBiS2 CNC so-

lar cells
Our previous findings showed that the best result was achieved with the use of the

shortest alkyl thiol as the film deposition ligand, ethanethiol (ET), without any need for

a co-ligand. Thus, this part is dedicated to the devices prepared by ET treatment only

to be able to give the reader a more focused overview of the effects of this molecule on

device characteristics. First, we prepared samples using ITO glass as the substrate to

check the quality of the film and to verify the absence of any cracks or pinholes as the
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defects in the CNC film are detrimental to the device performance. A Scanning Electron

Microscope (SEM) examination revealed that ET-treatment could give smooth and

dense AgBiS2 CNC thin films (Figure 3.6).

As the next characterization step, a FTIR study was carried out to demonstrate

the effective removal of 1-octanethiol from AgBiS2 CNC film after ligand treatment.

To ensure that the spectrum does not have any contribution from the unbound 1-

octanethiol molecules, the film was rinsed with methanol before treating with ET. No

significant change was observed in the C-H peaks (within 2850-3000 cm−1 range) after

methanol rinsing. After treatment with ET and annealing, the intensity of the C-H

peaks decreased significantly, showing removal of most of the 1-octanethiol from the

surface of the nanocrystals (Figure 3.7a).

Figure 3.7: Characterization of AgBiS2 CNC layer treated with ET. (a) FTIR results
showing the removal of most of the organics from the film (Orange line: before ET
and brown dotted line: after ET treatment). (b) UPS scans of room temperature
(Orange: n-octylamine, treated with ET) and Schlenk-line (Brown: oleic acid, treated
with TMAI) AgBiS2 nanocrystals (under excitation by HeI 21.2 eV photons). (c) Band
positions of room-temperature AgBiS2 nanocrystals within the solar cell. (d) Cross
sectional SEM image of the solar cell showing individual layers.
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In the second part, we focused our attention onto the device fabrication. To test

the photovoltaic performance of the nanocrystals, a suitable device structure has to

be chosen according to the energy levels of AgBiS2 CNC layer. For this purpose,

we utilized UPS technique as it can give reliable results for the energy levels of the

semiconductors. For UPS measurement, the samples of Schlenk-line AgBiS2 CNCs and

of room-temperature AgBiS2 CNCs were prepared using the solid-state ligand exchange.

Yet, we utilized different ligands for these two types of CNCs. We used TMAI treatment

to prepare the Schlenk-line AgBiS2 CNCs as an optimized ligand exchange method

for Schenk-line AgBiS2 CNCs was already reported in the literature. [110] For room

temperature AgBiS2 CNCs, we utilized ET as the ligand due to the results provided

by our previous ligand exchange studies. UPS findings indicated that the energy levels

of these two types of nanocrystals coincided although different synthesis methods and

different ligands were used to prepare the films (Figure 3.7b). As the energy levels of

the nanocrystals were found to be close, we employed the previously reported structure

as the platform to study the optoelectronic properties of room-temperature AgBiS2

CNCs (Figure 3.7c). [110] A cross sectional SEM image of the fabricated structure is

provided in Figure 3.7d. In this structure, a hole blocking 45-nm thick ZnO layer was

deposited by sol-gel method (see Appendix B for futher details on device fabrication).

On top of this layer, AgBiS2 CNC layer was deposited using ET treatment. After spin

coating a very thin layer of electron blocking polymer, PTB7, the device was completed

with the thermal evaporation of a very thin (3 nm) layer of MoO3 and a top contact

of 150 nm-thick Ag metal through a metal mask to define the active areas.

The possibility of using ethanethiol for the ligand exchange process allowed us to

use a faster single-step deposition process, by using more concentrated CNC dispersion

( 60 g L−1) to achieve the optimal AgBiS2 thickness of ∼ 40 nm, as opposed to

previously reported layer-by-layer deposition process for Schlenl-line AgBiS2. [110]

With this ligand exchange, our champion AgBiS2 CNC solar cell gave a PCE of 4.62 %

just after device fabrication. After storing the solar cell under ambient conditions (24

°C, 50-60 % humidity) for 1 day, the efficiency of the solar cell showed ∼ 20 % increase,

reaching 5.55 % without a significant hysteresis (Figure 3.8a-b). With a thickness of

only ∼ 40 nm, a promising VOC of 0.43 V and a JSC of 22.07 mA cm−2 with a FF

of 0.59 were attained demonstrating the success of our room-temperature technique.

In addition, JSC obtained from EQE spectrum was calculated to be 21.13 mA cm−2,

which was close to the measured short-circuit current of 22.07 mA cm−2 (Figure 3.8c).

We also fabricated solar cells without ET treatment to show the effect of ET

treatment on the optimized device structure. The solar cell without ET treatment was
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Figure 3.8: Characterization of AgBiS2 CNC solar cell. (a) J-V curves, (c) EQE
spectra and (d) device performance statistics of the room-temperature AgBiS2 CNC
solar cells with ET (Orange triangles) and without ET (Brown squares) treatment 1
day after device fabrication. (b) J-V scans of AgBiS2 CNC solar cell treated with ET
showing the negligible hysteresis of the device.

prepared by spin coating nanocrystal dispersion and rinsing with pure methanol using

the same process parameters used to prepare the ET-treated solar cell. As it is seen in

Figure 3.8a, the solar cell without ET treatment performed much worse than the one

prepared with ET treatment. Although both devices gave very similar VOC , the solar

cell without ET treatment yielded a JSC that was less than half that of the device with

ET treatment. Furthermore, we found that FF of the solar cell without ET treatment

was noticeably lower than that of the solar cell with ET treatment, demonstrating that

the extraction efficiency of the charge carriers within the AgBiS2 CNC layer is lower if

ET treatment is not performed. This is an expected result as the presence of long alkyl

group of 1-octanethiol in the CNC film can effectively hinder charge transfer within

AgBiS2 layer, causing a drop in JSC and FF. Moreover, JSC calculated from EQE

curve for the solar cell without ET treatment was found to be much higher than the

measured JSC (16.5 vs. 10.01 mA cm−2), which hints that increasing recombination

rate upon higher photocarrier density may be a contributing factor to low PCE (Figure
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3.8c). Overall, the devices produced with ET treatment yielded an average PCE of

4.68 ± 0.55 % while PCE of the devices without ET treatment was found to be 1.51

± 0.40 % (Figure 3.8d), which verified the necessity of ET treatment in fabrication of

AgBiS2 CNC solar cells.

Figure 3.9: Solar cell parameters with respect to storage time in air. Change of (a)
PCE (Brown squares) - FF (Orange triangles), (b) VOC (Brown squares) - JSC (Orange
triangles), and (c) EQE of the solar cell (Orange diamonds: just after device fabrication,
red triangles: after 1 day, brown circles: after 5 days and black squares: after 6 days)
after being stored in air. The solar cells preserve ∼ 80 % of their maximum PCE after
6 days of storage under ambient conditions (24 C, 50-60 % humidity). (d) The solar
cell efficiency with respect to the age of AgBiS2 CNC dispersion.

After storage in air under ambient conditions for 6 days, the solar cell preserved

∼ 80 % of its maximum PCE (Figure 3.9a-b). It was observed that the change in

device efficiency closely followed the change in fill factor of the device. Although VOC

increased steadily within this period of 6 days, JSC showed a slightly different behavior.

JSC of the device just after fabrication was measured to be 21.2 mA cm−2 whereas

this value increased to 22.07 mA cm−2 after one day of storage in air. However, JSC

showed a noticeable drop first to 21.00 and then to 19.67 mA cm−2 after 5 and 6 days

of storage in air, respectively. Yet, this change in efficiency with respect to storage time
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in air was not reflected in EQE spectra. All the measured EQE spectra during the

course of this experiment yielded very similar results without any noticeable change in

either amplitude or shape of the EQE curves (Figure 3.9c), which may indicate that

exposure to air causes an increase in non-radiative recombination rate in these devices,

reducing device performance under high light bias. It was also observed that AgBiS2

nanocrystal dispersions in octane exhibited good stability characteristics under long-

term storage in air (Figure 3.9d). Even after 140 days of storage in air, the nanocrystals

preserved their colloidal stability and the solar cells made of these nanocrystals with

ET treatment yielded a PCE of ∼ 5 %.

Figure 3.10: Electrical characteristics of the room-temperature AgBiS2 nanocrystals
treated with and without ET. Light intensity-dependent VOC (Brown squares) and
JSC (Orange triangles) of the AgBiS2 nanocrystal solar cell (a) without and (b) with
ET treatment showing saturation at high light intensity for the device prepared without
ET treatment. (c) Density of trap states (Brown squares) within the bandgap and
carrier lifetime (Orange triangles) with respect to VOC and (d) Mott-Schottky plot of
the solar cell showing the effective carrier density (NC) and built-in potential (Vbi) for
the device prepared with ET treatment.

To probe the effect of the intensity of light on device performance, we carried

out light intensity-dependent VOC/JSC measurements. For the solar cell prepared

without ET treatment, the light intensity-dependent VOC/JSC measurements showed

saturation at high light bias condition, explaining the origin of lower JSC for this
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device at 1 Sun (Figure 3.10a). Also, the ideality factor of this device was found

to be 1.52 at low light bias regime, which is an indication for the trap-mediated

Shockley-Read-Hall (SRH) recombination. [142] In addition to high ideality factor,

the presence of VOC saturation at high light bias level gave hints about high surface

recombination at the semiconductor-electrode interface as explained elsewhere. [29]

On the other hand, the light intensity-dependent VOC measurement for ET-treated

solar cell showed no saturation and yielded an ideality factor of 1.36, showing that ET-

treatment was effective at reducing SRH recombination (Figure 3.10b). Considering

that the performance of the device was improved significantly by ET-treatment only,

it can be asserted that some of the traps involved in carrier loss are surface-related

defects that can be passivated by ET-treatment. In addition, light intensity-dependent

JSC for ET-treated device gave a power factor of 0.9, showing that the charge carrier

extraction in the structure is efficient enough for the proper operation of the solar

cell. [143] The light intensity dependence of carrier lifetime showed a single-component

decay with an inverse slope of -0.115 V/decade, reaching ∼ 2.2 µs at 1 Sun light bias.

The density of trap states (DOTS) within bandgap was measured following a method

published in the literature. [43] The measured DOTS in the bandgap of AgBiS2 was

found to be an order of magnitude higher compared to PbS nanocrystal solar cells,

giving hints about the possible causes of the drop in JSC with increasing thickness

of the nanocrystal layer (Figure 3.10c). [43,110] The effective carrier density and the

built-in potential were measured to be 2.2×1017 cm−3 and 0.54 V using Mott-Schottky

plot (Figure 3.10d). Using these values, the depletion width in the device was calculated

to be ∼ 70 nm at zero bias. Hence, these solar cells operate with a depleted AgBiS2

layer, which is in accordance with the apparent match of the measured JSC and JSC

predicted by optical (transfer matrix method) simulations (Figure 3.11). Although 40

nm layer of AgBiS2 CNCs is sufficient to achieve a JSC of 22 mA cm−2 and a PCE in

excess of 5 % with the current structure, this depletion width is not sufficient to reach

a JSC more than 25 mA cm−2, which is predicted to be obtainable with an AgBiS2

thickness of more than 150 nm. Thus, there is still some room to improve the PCE of

AgBiS2 CNC solar cells by engineering the charge transport in the device.
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Figure 3.11: Simulated and best measured JSC as a function of AgBiS2 thickness.
The difference between the simulated and measured JSC increases for an AgBiS2

thickness of more than 100 nm in accord with the depletion width determined via
capacitance-voltage measurement.

Table 3.4: Price of the chemicals for the synthesis cost calculation.

Chemical Purity Price [¿] Amount Cost per unit

HMS Synthesis grade 465.5 25 gr 3322 ¿/mol
Ag(OAc) 99.99 % 523 50 gr 1747 ¿/mol
Bi(OAc)3 99.999 % 340 50 gr 2625 ¿/mol
Oleic acid 90 % 51 1000 ml 0.051 ¿/ml

Octadecene 90 % 44.6 1000 ml 0.0446 ¿/ml
Sulfur 99.998 % 433 250 gr 55.54 ¿/mol
AgI 99.9 % 207 50 gr 972 ¿/mol
BiI3 99 % 325 100 gr 1917 ¿/mol

N-octylamine 99 % 71.6 500 gr 0.112 ¿/ml

3.6 A simple cost calculation for AgBiS2 CNCs
Besides ease and simplicity, the synthesis cost of AgBiS2 nanocrystals is also reduced

by using our technique. Due to the substitution of expensive and air-sensitive HMS

with cheap and abundant elemental sulfur, a cost saving of ∼ 98 % is achieved (HMS

- synthesis grade: 3322 ¿ mol−1, sulfur - 99.99 %: 55.4 ¿ mol−1, see Table 3.4 for

details) for the anion precursor. Our preliminary estimations showed that a 40 nm

thick AgBiS2 nanocrystal film costs 11.6 ¿ m−2 if hot-injection method is utilized

whereas the costs will be reduced to 4.5 ¿ m−2 with room-temperature route, showing

that an overall cost saving of ∼ 60 % can be easily achieved by substituting HMS with



61 3.6. A simple cost calculation for AgBiS2 CNCs

elemental sulfur, metal acetates with metal iodides and oleic acid/octadecene with

n-octylamine. Furthermore, it is expected that cost savings be even higher when the

cost related to the vacuum, heating and inert reaction environment is also taken into

consideration.

As a summary, we have demonstrated a solution-processed solar cell comprising

environmentally friendly AgBiS2 CNCs that are synthesized at room-temperature

and ambient conditions. We report a new ligand exchange strategy and single-step

film deposition method for our AgBiS2 CNCs synthesized at room temperature to

remove the long ligands to form a close-packed photovoltaic quality absorber layer.

The fabricated devices showed a promising power conversion efficiency in excess of 5

% and confirmed that the synthesis-related cost can be reduced significantly using air-

stable chemicals for the synthesis of nanocrystals. Our work paves the way towards solar

cell absorbers that are at the same time cheap to produce and environmentally friendly

from both a material and production perspectives and address the regulatory concerns

and synthetic cost of colloidal nanocrystals based on Schlenk line approaches.
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4
An Ambient Condition Synthesis Method for

AgBiSe2 CNCs

Having a narrow bandgap suitable for photovoltaics (0.6 eV in bulk [144] and 0.7 -

1.0 eV in nanocrystalline form [145, 146]), silver bismuth selenide (AgBiSe2) is an-

other useful member of the silver bismuth chalcogenide family. Although Ag2Se and

Bi2Se3 have been studied extensively in the literature thanks to their attractive optical

and thermoelectric properties, the number of reports dealing with this ternary semi-

conductor is limited. [147–153] This material has recently attracted attention for its

potential applications, especially in thermoelectrics. [144, 154, 155] Although various

studies have been published, these studies mainly focused on either bulk or in thin films

of AgBiSe2. [156–159] Yet, only a few reports have been presented in the literature

on the synthesis of colloidal AgBiSe2 nanocrystals. [146,160] To our knowledge, all of

these studies were performed under a controlled environment to protect the precursors

from oxidation. This results from the use of either elemental selenium that necessitates

high reaction temperature or more reactive precursors, such as Bi[(N(SiMe3)2]3 that

are also prone to oxidation under ambient conditions. [146,160] Thus, addressing the

oxidation problem of precursors while keeping the reaction temperature as close to

63
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room temperature as possible for a low-cost ambient condition synthesis of AgBiSe2

CNCs still remains as a challenge.

One of the major issues with the synthesis of metal selenide nanocrystals is the

availability of an air-stable, cost-effective and sufficiently reactive selenium precursor to

replace the combination of elemental selenium-high reaction temperature utilized in the

existing reports. Although some alternative selenium precursors have been proposed,

such as NaHSe, (Me3Si)2Se, trioctylphosphine-Se (TOP-Se) and tributylphoshine-Se

(TBP-Se), [161–166] they do not offer any viable solution due to their high air-sensitivity

and high cost associated with the use of phosphines. Apart from complexes of elemental

Se with TOP and TBP, other strategies have been proposed to prepare a viable selenium

precursor using elemental selenium. Among those, alky ammonium (poly)selenides were

found to be promising thanks to their relatively low cost and high solubility in alkyl

amines. One of the early reports on this route used a strong reducing agent, sodium

borohydrate (NaBH4), for the reduction of elemental selenium into selenide ions to

form the alkyl ammonium (poly)selenides. [167] While colloidal nanocrystals were suc-

cessfully produced using this Se precursor, the necessity of air-free synthesis techniques

remained in place as a result of the air sensitivity of NaBH4 and of the obtained sele-

nium precursor. Furthermore, the possibility of Na-doping of the nanocrystals remained

as an open question to be answered due to the byproducts of reaction remaining in the

synthesis mixture after the formation of alkyl ammonium (poly)selenides. However, as

a result of the ease and effectiveness of amine-assisted Se dissolution in organic solvents,

the mixtures of amines with thiols have attracted significant attention thanks to their

capacity of forming relatively concentrated solutions of selenium and the absence of

foreign cations due to the use of inorganic reducing agents. This strategy has been

utilized in different studies published in the literature in various forms. However, the

exact mechanism of dissolution and nanocrystal formation via the use of this solvent

mixture had remained unclear.

Recently, it was demonstrated that the dissolution of elemental selenium in a

mixture of oleylamine and alkyl thiols could occur readily without heating. [168] In the

given reaction, it was reported that the alkyl thiols could effectively reduce elemental

selenium to selenide anions in the presence of oleylamine and that the oleylamine

molecules could bind to selenide ions to form alkyl ammonium (poly)selenide com-

pounds. One of the key findings of this study was that alkyl ammonium (poly)selenides

could stay intact under ambient conditions for sufficiently long times if excess thiol

was provided into the solution. [168]

In the first part of this Chapter, we extend the results on this selenium precursor

and show that the mixed amine-thiol solvent is capable of reducing not only elemental
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selenium as shown by a previous report, [168] but also SeO2 (Se4+) into selenide

ions. We also demonstrate that the obtained selenium precursor is sufficiently reactive

towards silver and bismuth iodide salts at room temperature to form AgBiSe2 CNCs

without requiring a chemically inert reaction environment or heating, unlike the results

reported previously. This, in turn, enables the utilization of a much-simplified synthesis

setup compared to the hot-injection methods that utilize Schlenk line setup. Thanks

to the strong antioxidant property of thiol-amine mixture on this selenide precursor,

it is demonstrated that various binary and ternary metal selenides can be obtained

within minutes. We make use of binary phases, Ag2Se and Bi2Se3, as references to

demonstrate the successful formation of ternary AgBiSe2 phase in the presence of

both Ag and Bi halides. The results of the characterization via TEM, XRD, XPS and

absorption spectroscopy are provided to show the properties of the resulting colloidal

dispersions. In addition, a prototype solar cell made of AgBiSe2 CNCs is presented to

highlight the quality of the obtained product. To our knowledge, this solar cell is the first

AgBiSe2 CNC solar cell ever to be reported in the literature. In the second part of this

Chapter, we present our findings on the possibility of synthesizing alloyed quaternary

silver bismuth sulfide-selenide (AgBiSSe) CNCs with varying sulfur/selenium ratio.

For this purpose, we combine the synthesis methods of AgBiS2 and AgBiSe2 CNCs

developed in this thesis work to produce quaternary AgBiSSe CNCs under ambient

conditions. The formation of quaternary CNCs is verified via absorption spectroscopy,

XRD and XPS measurements.

4.1 A synthesis route for metal selenides under am-

bient conditions

In the previous studies, oleylamine was used extensively as the primary alky amine to

dissolve elemental selenium via formation of oleylammonium (poly)selenides. However,

it is known that the reactivity of a precursor generally decreases if longer groups are

attached to the chemically active site due to the steric hindrance effects. For this reason,

generally a hot-injection method is utilized to obtain nanocrystals of sufficient size by

increasing the reaction rate if bulky precursors are utilized. [145,146,168] In accordance

with this general rule, we found advantageous to utilize n-octylamine as a shorter length

alkyl amine instead of oleylamine to form the alkyl ammonium poly selenide precursor.

In this synthesis route, n-octylamine acts both as the reaction medium for the solvation

of the precursors and as a stabilizing agent for AgBiSe2 nanocrystals, similar to the

method utilized for AgBiS2 CNCs. [169]
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There exist various selenium compounds in the market to be utilized as the sele-

nium precursor. However, it is advantageous to employ a reaction path that can utilize

an air-stable Se source as the starting material to eliminate the need for protection of

the Se source from degradation. Selenium dioxide (SeO2) was chosen as the selenium

source in our reaction for elemental selenium and selenides are typically prone to ox-

idation in air forming SeO2 as the main product of the oxidation. Our experimental

findings demonstrated that selenium dioxide could be reduced successfully using a mix-

ture of 1-octanethiol (RSH) and 1-octylamine (RNH2) at room temperature following

the overall reaction given in Eq. 4.1 (See Figure C.1 of Appendix C).

2RNH2 + SeO2 + 6RSH −→ (RNH3)2Se+ 3RS − SR+ 2H2O (4.1)

In this reaction, every two molecules of alkyl thiols oxidize and combine to form a

dialkyl dithiol molecule in the presence of alkyl amines and SeO2, yielding an electron

pair in the process to reduce Se4+ (assuming complete reduction of Se4+ to Se2−).

After the reduction of Se4+, the obtained selenide ions are dissolved by complexing

with alkyl amine molecules forming the main selenium precursor of the reaction. This

reaction occurs in a similar fashion given in previous reports, [168] although they used

elemental selenium rather than SeO2 as the selenium source and they utilized different

alkyl amines and alkyl thiols for the reduction. After the formation of the Se precursor,

the presence of AgI and BiI3 in the reaction mixture triggers the formation of AgBiSe2

nanocrystals in a simplified reaction route given in Eq. 4.2.

AgI +BiI3 + 2(RNH3)2Se −→ AgBiSe2 + 4RNH3I (4.2)

In the reactions above, Pearsons hard and soft acids and bases rule (HSAB)

dictates that the reaction will be driven to form alkyl ammonium iodide salt as iodide

is a harder base and alkyl ammonium is the harder acid in the given reaction. [170]

For this reason, it should be noted here that it is possible to synthesize AgBiSe2

nanocrystals using different Ag and Bi halides. However, we utilize metal iodides as

the primary cation precursors for the synthesis thanks to their low hygroscopic nature

and adequate air-stability.

Although this selenium precursor is sufficiently stable in air in the presence of

excess amine-thiol solvent to enable the rapid synthesis of metal chalcogenide CNCs, it
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should be noted that this precursor cannot be stored in air indefinitely due to constant

loss of amine-thiol solvent through oxidation-reduction cycle of Se in air. [168] The in-

situ formed alkyl ammonium (poly)selenide precursor decomposes in air slowly to form

elemental Se precipitate (trigonal phase: JCPDS 06-0362) rather than reverting back

to white-colored selenium dioxide if no metal cation that can react with the selenium

precursor is present in the solution (Figure 4.1). No foreign peaks, which may result

from SeO2, was detected in XRD scans, showing that this solvent mixture was effective

enough for the complete reduction of SeO2 and that it was a strong antioxidant for Se

at different oxidation states.

Figure 4.1: XRD scan of the precipitate obtained from Se precursor after cleaning
(The brown bars indicate the peak positions of trigonal selenium JCPDS 06-0362. Inset:
a picture of the selenium precursor prepared with SeO2 and n-octylamine/1-octanethiol
mixed solvent that is left in air for decomposition.).

4.2 The synthesis and characterization of ternary

AgBiSe2 CNCs
As the first step in this part of the study, we synthesized ternary AgBiSe2 CNCs using

our ambient synthesis technique (See Appendix C for experimental details). After

the synthesis, the resulting CNCs were cleaned via addition of an antisolvent and

centrifugation, which is a similar to the purification process used for the cleaning of

AgBiS2 CNCs. TEM micrographs showed that AgBiSe2 CNCs had spherical shapes

with an average size of 6 nm (Figure 4.2a-c). The crystallinity of the nanocrystals were

visible in high-resolution TEM micrographs as given in Figure 4.2b. The selected area

electron diffraction (SAED) verified the presence of a crystalline phase, showing that
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the formed nanoparticles were not amorphous, but indeed nanocrystalline AgBiSe2

(Figure 4.2d).

Figure 4.2: TEM and SAED of AgBiSe2 CNCs. (a - c) TEM images of AgBiSe2 CNCs
under different magnifications. (d) SAED of AgBiSe2 CNCs showing the nanocrystalline
structure of the product.

Figure 4.3: Structural and optical characterization of AgBiSe2 CNCs. (a) XRD scans
and (b) absorption spectra of the ternary and binary phases (The positions of the main
peaks of AgBiSe2, Bi2Se3 and Ag2Se are marked with blue dashed lines.).

As a complementary method, XRD was utilized both to confirm the formation
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and to demonstrate the phase purity of AgBiSe2 nanocrystals. For this purpose, we

also synthesized silver selenide (Ag2Se) and bismuth selenide (Bi2Se3) CNCs to verify

the absence of these binary phases in the final AgBiSe2 CNC dispersion. Our results

indicated that in the presence of both silver and bismuth precursors, only the ternary

phase was obtained with a quantity detectable by XRD (Figure 4.3a). This finding

was also supported by absorption spectroscopy as given in Figure 4.3b. The absorption

spectra of both of the binary phases showed distinct features. For Bi2Se3 CNCs, an

excitonic-like peak was detected around 720 nm. Ag2Se CNCs showed two broad

peaks located close to 730 and 1060 nm. On the other hand, AgBiSe2 CNCs did not

exhibit any peak-like feature in the absorption measurements, which is very similar to

the absorption spectrum of AgBiS2 CNCs in shape, as already described in Chapter

2.

Figure 4.4: XPS spectra of AgBiSe2 CNCs. (a) Ag-3d, (b) Bi-4f, (c) S-2s/Se-3s and
(d) Se-3d regions.

The elemental composition of the resulting CNC dispersions were quantified via

XPS. XPS analysis of the AgBiSe2 CNCs revealed that the sample contains all three

constituent elements (Ag, Bi and Se, see Figure 4.4).A single Ag-3d doublet was located

at ∼ 368 eV, in line with both those of AgBiS2 CNCs reported in previous chapter and
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the literature reports. [160] Two Bi-4f doublets were sufficient to fit Bi-4f spectrum (at

∼ 158.0 and ∼ 159.0 eV, respectively). Se-3s signal was detected at 228.9 eV in the

S-2s/Se-3s spectral region (Figure 4.4c).The position of the Se-3d 5/2 peak (54.6 eV)

confirmed that selenium was in 2- state and not oxidized under the conditions that

the synthesis and purification steps were carried out as higher oxidation states would

result in higher binding energies for Se (Figure 4.4d). [160,171] The evaluation of the

XPS data showed that the elemental composition of AgBiSe2 CNCs was 1.00:1.02:1.05

(Table 4.1).

Table 4.1: Elemental analysis of AgBiSe2 CNCs synthesized via metal iodide salts
and SeO2 (Normalized to Ag-3d).

Ag Bi Se

1.00 1.02 1.05

Figure 4.5: SEM of AgBiSe2 NCs. (a) Top view and (b) cross sectional image taken
from a scratch in the film.

A SEM investigation of the deposited films demonstrated that the films were

smooth and crack-free (Figure 4.5). This is an important factor to be considered

in nanocrystal device fabrication as any cracks and pinholes can severely affect the

performance of the resulting devices. The cross sectional SEM images also revealed

the nanocrystalline nature of the films.

UPS measurements were performed to determine the energy levels of AgBiSe2

CNCs. It was found that the valence band and Fermi level of these CNCs were located

around -4.92 and -4.16 eV, respectively (Figure 4.6a). According to these energy level

values, P3HT was chosen as the electron blocking layer for the use of an electron blocking
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layer with a similar valence band energy can provide an efficient hole transport channel

between AgBiSe2 CNC layer and the anode of the solar cell, possibly yielding higher

PCE for AgBiSe2 CNC solar cells.

Figure 4.6: (a) UPS of AgBiSe2 CNCs and (b) the energy level alignment in the
proposed device structure.

We fabricated prototype solar cells of AgBiSe2 CNCs with different thickness using

the structure given in Figure 4.6b. The solar cells yielded a preliminary efficiency of

1.59 % just after the deposition of top contact for the device with 40 nm of AgBiSe2

CNCs (Table 4.2). After 1 day of storage under ambient conditions, the efficiency in-

creased to 2.6 %, which is the highest efficiency reported in the literature for any solar

cell based on AgBiSe2 CNCs to the best of our knowledge. This behavior, the increase

of efficiency after exposure to air, is not rare and has been reported for different types

of CNC solar cells, [73, 172] including AgBiS2 CNC solar cells. [110,169]

Table 4.2: Performance of solar cells of AgBiSe2 CNCs just after metal deposition
and after 1-day storage in air.

Time in Air VOC JSC FF Efficiency Thickness of AgBiSe2

(Days) (V) (mA cm−2) (%) (nm)

0 0.24 10.57 0.43 1.08 20
0 0.28 14.37 0.40 1.59 40
0 0.27 13.49 0.37 1.34 60
1 0.25 12.52 0.46 1.43 20
1 0.29 18.88 0.47 2.60 40
1 0.32 11.17 0.46 1.65 60

The solar cell with a 40 nm-thick AgBiSe2 CNC layer exhibited a VOC of 0.28 V,
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a JSC of 14.37 mA cm−2 and a FF of 0.40 just after fabrication. After 1 day of storage

in air, JSC showed a significant increase and reached to 18.88 mA cm−2, while VOC

increased slightly to 0.29 V. As another observation, the J-V curve demonstrated a

dramatic change because of FF increasing from 0.40 to 0.47 after 1-day storage in air

(Figure 4.7a), pushing PCE to 2.6 %. Yet, this value of FF is still low in comparison

to that of an optimized AgBiS2 CNC cell and that there is still some room for further

improvement.

The successful deposition of AgBiSe2 CNC layers can be verified via EQE spectra

of the devices. As the thickness of the AgBiSe2 CNC layer increases, the optical

resonance peaks in the EQE spectrum shifts toward longer wavelengths (Figure 4.7b).

In addition to information about thickness of the films, EQE spectra also gave hints

about the possible cause of the change in photovoltaic performance after storage in

air. It was observed that the change in the EQE spectra was more pronounced in the

shorter wavelength regime compared to the longer wavelengths. When the physical

device structure is taken into consideration, it can be deduced that the transport of

holes within the AgBiSe2 CNC layer is not as efficient as that of electrons and this, in

turn, results in carrier loss. Yet, this problem is partially levitated after storage in air,

enabling holes created close to ZnO layer to be transported to P3HT layer with lower

carrier loss, thus enhancing the overall device efficiency.

Figure 4.7: (a) J-V measurements of the solar cell with a 40 nm-thick AgBiSe2 CNC
layer just after metal deposition and after 1 day storage in air. (b) EQE of solar cells
with different AgBiSe2 CNC layer thickness just after metal deposition (dashed lines)
and after 1-day storage in air (solid lines).
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Figure 4.8: XPS spectra of AgBiSSe CNCs synthesized with metal iodide salts and
mixed anion precursor (Se/(S+Se) = 0.1). (a) Ag - 3d, (b) Bi - 4f, (c) S-2s/Se-3s and
(d) Se -3d regions.

4.3 Alloyed quaternary AgBiSSe CNCs
As the last part in this project, we investigated the possibility of synthesizing alloyed

quaternary AgBiSSe CNCs under ambient conditions. This is an important part of

this project, both as alloying in Ag-Bi-S-Se system is not investigated in nanocrystal

form in depth yet, except very few reports [173], and also as it will give us a means to

tune the bandgap of these CNCs due to different bandgaps of the AgBiS2 and AgBiSe2.

We utilized a mixed anion precursor approach for the synthesis of the quaternary

CNCs. For both sulfur and selenium can be dissolved in alkyl amines via formation of a

amine-chalcogenide complex, we found beneficial to employ alkyl amines as the reaction

medium for the synthesis of alloyed AgBiSSe CNCs. For the preliminary experiment,

the synthesis was performed with Se/(S+Se) precursor ratio of 0.1. XPS spectra of the

resulting CNCs confirmed the presence of Se-3d and S-2s/Se-3s peaks in the respective

parts of the XPS spectrum, showing the effectiveness of our approach (Figure 4.8). It

was sufficient to use a single doublet to fit Ag-3d spectrum similar to the pure ternary
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materials (Figure 4.8a). Bi-4f spectrum required the use of two doublet located at 158.3

and 159.0 eV (Figure 4.8b). Moreover, similar to the case of pure AgBiSe2 CNCs, the

Se-3d 5/2 peak of AgBiSSe CNCs located at 54.6 eV confirmed that selenium was in 2-

state and not oxidized under the conditions that the synthesis and purification steps

were performed.

Table 4.3: Elemental analysis of AgBiSSe CNCs synthesized via metal iodide salts
and mixed anion precursor (Se/(Se + S) = 0.1).

Ag Bi Se S

1.00 0.70 0.12 0.76

The presence of both selenium and sulfur was verified with the presence of both

S-2p and Se-3p peaks in the Bi-4f spectrum, as well as with the presence of Se-3d and

S-2s/Se-3s peaks in the respective parts of the XPS spectrum (Figure 4.8c-d). The

quantitative analysis of XPS results gave a Bi/Ag ratio of 0.70 and a Se/(S+Se) ratio

of 0.12, close to the precursor ratio of 0.1 used for the synthesis (Table 4.3). This

verifies that both of the anion precursors could effectively take part in the formation of

the nanocrystals, as the final product contained considerable amount of sulfur.

Figure 4.9: Absorption characteristics of AgBiSSe CNCs with respect to sulfur content.
(a) Absorbance spectra and (b) Tauc plots of AgBiSSe CNCs.

After verification of the presence of both S and Se in the CNCs, we performed the

same synthesis by employing different ratios of Se/S to show the bandgap tunability

of the AgBiSSe CNCs. It was observed that the absorption characteristics of the

CNCs was not affected significantly in the short wavelength region by alloying (Figure

4.9). This is an expected result since the absorption characteristics of AgBiS2 and
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AgBiSe2 CNCs are very similar. Thus, alloying of these two materials does not result

in a significant change in the short wavelength part of the absorption spectrum. Yet,

the part of the absorption spectra after 700 nm showed a noticeable change with

alloying. It was observed that the absorbance of CNCs in the 700-1200 nm region

increased when the selenium/sulfur ratio of the nanocrystals increased. The Tauc plots

of these alloyed AgBiSSe CNCs yielded a bandgap tuning range of 0.3 eV from 0.92

to 1.23 eV via alloying. This is an important result for this material family as the

bandgap tuning for pure AgBiS2 or AgBiSe2 CNCs was found nontrivial via quantum

confinement effect unlike other semiconducting CNCs, such as CdSe, CdTe, HgTe and

PbS CNCs. [174–177] Thus, this bandgap tuning strategy can pave the way for better

optimization of the optoelectronic properties of these CNCs to enhance the performance

of the photovoltaics and thermoelectrics technologies based on AgBiSSe CNCs.

Although it is evident from the absorption characteristics of the obtained CNCs,

we sought to verify the alloying via alternative methods. As XRD can directly give

information about the physical ordering of the atoms in a material, we utilized this

method to observe the change in interplanar distances that can result from partial

replacement of S with Se. Because of the larger ionic size of selenium compared to that

of sulfur, the presence of selenium in the crystal lattice causes an expansion of the

lattice and increases the respective lattice parameters. Hence, it becomes possible to

determine comparatively the sulfur/selenium ratio in alloyed nanocrystals using the

shift of the peaks in the XRD spectra. [109,178,179]

Figure 4.10: XRD of AgBiSSe CNCs with respect to S/Se ratio of the anion precursor.
(a) XRD spectra of Ag2Se, Bi2Se3 and AgBiSSe CNCs for various values of Se content
(The positions of the main peaks of AgBiS2, AgBiSe2, Bi2Se3 and Ag2Se are marked
with blue dashed lines.). (b) A magnified version of (a) showing the shifting/diminishing
of the two most prominent peaks of AgBiSSe CNCs for various values of Se content.
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According to Bragg equation (Eq. 4.3), [180] it is expected for higher Se/S ratio

to yield smaller Bragg angles. Here, λ is the wavelength of the X-ray beam (0.15046

nm for Cu Kα radiation), θ is the Bragg angle, and n is an integer number and d is

the lattice spacing.

d =
nλ

2 sin(θ)
(4.3)

Table 4.4: Position of the main peak of AgBiSSe CNCs with respect to Se/(Se+S)
ratio of the anion precursor and the corresponding lattice spacing calculated using
Bragg equation.

Se/(S + Se) 0 % 10 % 50 % 80 % 100 %

2θ [°] 30.6 30.5 30.4 30.0 29.9
d [nm] 0.284 0.285 0.286 0.290 0.291

XRD analysis demonstrated that the peak located around 30° shifts towards lower

angles with increasing Se content, as expected due to the larger ionic size of Se2−

with respect to S2− (Figure 4.10). In addition, the peak located around 26° decreases

gradually with the incorporation of more selenium into CNCs as this peak is strong

for pure AgBiS2 yet it has a very small amplitude for pure AgBiSe2. [146, 173] The

calculated lattice constant (using Eq. 4.3) is in line with the < 200 > plane of the cubic

phase silver bismuth chalcogenides (Table 4.4). For pure AgBiS2 CNCs, the interplanar

distance was measured to be 0.284 nm, which is very close to the value reported in

the literature (0.282 nm, AMCSD 0009219). For pure AgBiSe2 CNCs, this value was

found to be 0.291 nm, which matches well with the values documented in previous

studies. [181] In addition, no traces of binary products was detected in the XRD spectra

of the alloyed AgBiSSe CNCs for any Se/S ratio. This is in direct accordance with

our previous findings on AgBiS2 and AgBiSe2 CNCs. As stated before, although it

is possible to form binary products using the same synthesis procedure, these binary

products are unlikely to form if both cations are present simultaneously in the synthesis

mixture.

TEM investigation of the samples demonstrated the formation of nanocrystals for

all selenium ratios utilized in this study (Figure 4.11). High-resolution TEM images of

the nanocrystals confirmed that the ambient condition synthesis yielded nanocrystalline

material instead of amorphous nanoparticles. The presence of sharp peaks in the SAED

image verified the formation of nanocrystalline phase, which is in support of the results

obtained by XRD analysis.
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Figure 4.11: TEM images of AgBiSSe CNCs for different Se/(Se + S) ratios of (a)
75 %, (b) 50 % and (c) 25 %. Se (Insets: upper insets are HRTEM scans whereas lower
insets show the SAED spectra of the individual nanocrystals.).
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Figure 4.12: EDS elemental mapping (TEM) of AgBiSSe CNCs with (a) 75 %, (b)
50 % and (c) 25 % Se ratio (Red: selenium, green: sulfur).

The elemental mapping of AgBiSSe CNCs with different Se/(Se +S) ratios were

carried out using a scanning transmission electron microscope (STEM) equipped with

EDS. Elemental mapping images are provided in Figure 4.12 where the EDS signals

of S and Se are superimposed on the dark field image to show the distribution of

the anions throughout the samples. The results of EDS elemental mapping indicates

that the distribution of anions in the samples are uniform and no phase segregation is

present, which is in line with XRD results.

The composition analysis of the AgBiSSe CNCs showed that the selenium ratio

in the precursor solution had a direct effect on the Se/S ratio of the resulting CNCs

(Figure 4.13). The S-2s/Se-3s spectra of the all samples were fitted using one and

two Gaussian - Lorentzian mixed curves for pure (AgBiS2 and AgBiSe2) and alloyed

CNCs (AgBiSSe), respectively. The comparative analysis of the peak(s) present in

these spectra demonstrated that Se/S ratio of the CNCs was in good agreement with

the Se/S ratio of the precursor solution. By examining the spectra, it can be deduced

that the peak located at ∼ 226 eV originates from S-2s orbital whereas the peak at ∼
229 eV results from Se-3s orbital. The relation between the Se ratio of the precursor

and the measured Se ratio of the resulting CNCs is given in Figure 4.13f. Ag-3d doublet

of the samples were positioned around 368 eV, similar to the previous samples (Figure

4.14a-c). The change in Se ratio in these samples can also be confirmed via side-by-side

analysis of Bi-4f spectra as both S-2p and Se-3p doublets are located within Bi-4f

XPS window. The Se-3d doublet of the samples showed the same trend with varying

precursor Se ratio. Thus, it can be concluded that the Se content of the resulting

product can be tuned by controlling the selenium content of the precursor solution.

For further comparison of the content of the samples, the elemental ratios of the CNCs

(normalized to Ag-3d) are also provided in Table 4.5.
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Figure 4.13: S-2s/Se-3s spectra of AgBiSSe nanocrystals for varying amounts of
Se/(Se + S) ratios. (a) 100 %, (b) 75 %, (c) 50 %, (d) 25 % and (e) 0%. (f) The effect
of Se/(Se+S) precursor ratio on the Se/(Se+S) ratio of the resulting CNCs.

Table 4.5: Elemental composition of the AgBiSSe CNCS synthesized with precursors
of different Se/(Se + S) ratios.

Se/(Se+S) Ag Bi Se S

75 % 1.00 0.89 0.69 0.28
50 % 1.00 0.95 0.56 0.52
25 % 1.00 0.90 0.28 1.17

As a summary, we have demonstrated a simple yet effective room-temperature

synthesis method for the environmentally friendly AgBiSe2 nanocrystals that can be

easily performed under ambient conditions using alkyl amine - alkyl thiol chemistry. In
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addition, we have also shown the first solution-processed solar cell based on AgBiSe2

CNCs. The fabricated devices show a preliminary power conversion efficiency of 2.6 %.

Furthermore, we have provided a detailed study on the synthesis of alloyed AgBiSSe

CNCs and proved that the bandgap of these CNCs can be tuned by simply changing

the Se/S ratio. The formation of quaternary AgBiSSe CNCs has been verified via

absorption and XRD measurements. This work paves the way towards photovoltaics-

quality absorbers that are cheaper to produce and environmentally friendly from both a

material and production perspectives and address the regulatory concerns and synthetic

cost of colloidal nanocrystals based on Schlenk line approaches.

Figure 4.14: XPS scans of Ag-3d, Bi-4f and Se-3d orbitals for AgBiSSe CNCs with
varying Se/(Se +S) ratios. (a) 75 %, (b) 50 % and (c) 25 % Se.



5
Conclusions and Outlook

Because of the negative effects of fossil fuel-based energy production, the need for

low-carbon footprint energy production methods has gained importance. The future of

renewable energy is supported by the fact that their carbon emission to the environment

is virtually zero, which makes them an ideal solution for the global warming problem.

Photovoltaics, being one of the promising renewable energy resources, offers an immense

potential thanks to the unlimited energy of the Sun. Although various attempts have

been made to overcome the efficiency, cost and toxicity problems, no solution to the

photovoltaics that is both economically viable and environmentally friendly has been

found so far. Yet, the current research trend in the field makes it clear that solution-

processed solar cells may be the key to unlock the green energy problem of the world.

In this thesis, we aimed to bring silver bismuth chalcogenide CNC solar cells closer to

the photovoltaics market by addressing the following three major issues:

Synthesis Complexity: By eliminating the inert reaction environment and heating

from the synthesis, we have been able to reduce the complexity of the setup used for

the synthesis that originates from the hot-injection methods. The simplifications of

the synthesis setup also relieves the scale constraints on the synthesis resulting from
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the maintenance of inert atmosphere and low thermal fluctuations within the reaction

flask. For the synthesis of silver bismuth chalcogenide CNCs, it has become possible

to reduce the reaction setup down to a simple plastic reaction vessel and a magnetic

stirrer.

Cost: One of the major challenges that has to be dealt with in photovoltaics is

the unit cost. Due to the involvement of complex reaction setups and inert reaction

conditions, the hot injection-based synthesis methods are inherently costlier than ex-

pectations. In addition, the scale constraint imposed by the hot-injection methods, as

explained before, imposes further limits on the attainable minimum unit cost. With the

elimination of the hot-injection methods in the synthesis of AgBiS2 CNCs, it becomes

possible to obtain at least 60 % reduction in CNC synthesis cost.

Film deposition: The prior state-of-the-art AgBiS2 CNC solar cells require use of

the layer-by-layer deposition method. This method, although convenient for lab-scale

fabrication, is not suitable for industry scale manufacturing due to high material loss

resulting from repeated spin coating cycles. By performing the film deposition in a

single step with the use of the new ligand, ethanethiol, we reduced both the amount

of the required AgBiS2 CNCs and the fabrication time of CNC solar cells. It was also

shown that the same method could be used for the fabrication of AgBiSe2 CNC solar

cells.

Although promising progress in silver bismuth chalcogenide CNC photovoltaics

has been made with the introduction of the ambient synthesis method, the material

properties limiting the device performance still stand as the major obstacle preventing

the achievement of higher PCE. The major limiting property of AgBiS2 CNC solar cells

is the upper limit on the thickness of AgBiS2 CNC layer that allows sufficient carrier

extraction (typically less than 100 nm). Considering that this material has good optical

characteristics, such as a bandgap of 1.1 - 1.3 eV and an absorption coefficient as high

as 105 cm−1, it is expected to obtain higher PCE with the enhancement of the drift

and diffusion lengths via increasing mobility-lifetime product of this material. Doping

and alloying strategies can be used to improve the charge carrier lifetime and mobility.

For AgBiS2, this can be achieved by substitution of S with either Se or Te.[159,172]

The same strategy can also be utilized by substitution of Ag and Bi with Cu, and Sb,

respectively. As another remedy, physical structure of the solar cell can be optimized

to obtain both high absorption of the light and short distance for carrier transport.

From this point, the use of bulk heterojunction can be a good strategy to employ to

increase the device performance.[73,181]

In short, we have shown that a low-cost environmentally friendly solution can
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be made possible with the use of ambient condition synthesis methods. Via careful

selection of the precursors and by meticulous design and optimization of the reaction,

it has been demonstrated that AgBiS2 CNC solar cells are capable of giving a PCE as

high as 5.5 % only for a fraction of the cost of AgBiS2 CNCs synthesized via Schlenk-

line setup. Following the strategy that was used for AgBiS2 CNCs, we also developed an

ambient synthesis method for AgBiSe2 CNCs. The properties of the resulting AgBiSe2

CNCs were demonstrated via both optical and structural characterization methods.

The solution-processed AgBiSe2 CNC solar cells showed a PCE up to 2.6 %. We

demonstrated that the two methods shown so far could be combined for the synthesis

of alloyed AgBiSSe CNCs. It was verified via optical spectroscopy that the bandgap of

the alloyed CNCs could be tuned simply by changing the ratio of selenium-to-sulfur ratio

of the precursor solution. Although this work is focused on silver bismuth chalcogenides,

the same methods can be applied for the synthesis of other CNCs, which may bring

the long-lasting dream of green energy one-step closer to being a reality.
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Supplementary Data for Chapter 2

Chemicals and Materials: All reagents were purchased from Sigma-Aldrich, except

Bi(OAc)3 which was purchased from Alfa Aesar and AgI which was obtained from Strem

Chemicals. PTB7 (poly[(4,8-bis(2-ethylhexyloxy)-benzo(1,2-b:4,5-b)dithiophene)-2,6-

diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]) was

purchased from 1-material.

Synthesis of AgBiS2 CNCs Based on Hot Injection: For hot-injection synthesis,

silver acetate (0.8 mmol), bismuth(III) acetate (1 mmol), and oleic acid (17 mmol) were

charged into a three-neck flask, as described previously. [110]The flask was pumped

down at 90 °C to eliminate the air and moisture from the reaction environment. After

the formation of metal-oleates, the flask was filled with argon gas, and the temperature

was ramped up to 100 °C. Then, a solution of HMS (1 mmol) in 1-octadecene (5 mL)

was prepared in a drybox and swiftly injected into the flask. The flask was left to cool

down to room temperature. AgBiS2 CNCs were separated from the reaction mixture

with addition of ethanol and centrifugation. The nanocrystals were dispersed in toluene

with a concentration of 20 g/L and the dispersion was filtered through 0.22 µm PTFE

filter and used as it is.
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Synthesis of AgBiS2 Nanocrystals Based on Room Temperature and Ambient At-

mosphere: For room-temperature synthesis, AgI (0.2 mmol) and BiI3 (0.2 mmol) were

dissolved in amines (4 mL) and stirred. In a separate vial, a sulfur-amine solution

(4 M) was prepared. A suitable portion of this solution (80 µL) was swiftly injected

into vigorously stirring AgI-BiI3 mixture. Then, 1-octanethiol (0.15 mL) was added,

and the AgBiS2 nanocrystals were separated by the addition of acetonitrile and cen-

trifugation. Nanocrystals were dispersed in octane with a concentration of 60 g/L and

filtered through 0.22 µm PTFE filter. The recipe above can be easily upscaled to ob-

tain more AgBiS2 CNCs per batch. For an upscaled synthesis, we use AgI (1.0 mmol),

BiI3(1.0 mmol) and S precursor (0.5 ml, 4 M). Also, the amount of 1-octanethiol is

increased to 0.5 ml. The cleaning of CNCs are carried out using the same method given

above.

Material Characterization: UV-vis absorption spectrum was measured using a

Cary 5000 spectrophotometer using 1 cm optical path cuvettes using dilute nanocrys-

tal dispersions in octane. TEM was performed using a JEOL 2100 microscope with

an acceleration voltage of 200 kV at the Scientific and Technological Center of the

University of Barcelona (CCiT-UB). Samples were prepared by dropcasting dilute

AgBiS2 dispersions onto carbon-coated copper grids. XRD spectra were obtained using

a PANalytical XPert PRO MPD Alpha1 powder diffractometer with Cu Kα radiation

(λ = 1.5406 Å, 45 kV, 40 mA). The samples were prepared by dropcasting a con-

centrated dispersion of AgBiS2 nanocrystals onto glass slides. X-ray and Ultraviolet

photoelectron spectroscopy (XPS/UPS) were performed with a Phoibos 150 instrument

equipped with a monochromatic Kα X-ray source (1486.74 eV) at the Institut Catala

de Nanociencia i Nanotechnologia (ICN2). The spectra were corrected in energy by

using the adventitious carbon peak (C 1s, 284.8 eV) as the reference. Atomic ratios

were calculated by integrating elemental peaks with Shirley background profile. For

fitting of peaks a combination of Lorentzian and Gaussian functions were utilized.

XPS and UPS samples were prepared by treating the films with either TMAI (1 g/L

in methanol for Schlenk-line AgBiS2) or ET (0.2 % in methanol for n-octylamine

AgBiS2). Fourier transform infrared spectroscopy (FTIR) was performed with a Cary

600 FTIR instrument. For all FTIR measurements, double side polished silicon wafers

were used as the substrate. The samples were prepared by spin coating. To evaporate

the unbound amines and/or solvents, the samples were annealed on a hot plate at 90

°C. Iodine-amine solution was prepared by dissolving elemental iodine (0.8 mmol) in

n-octylamine (1 mL) in air. N-octylammonium iodide was prepared by the reaction

of n-octylamine with hyriodic acid in ethanol. For FTIR measurements, the obtained

white powder was spun-coated from ethanol solution.
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Device Fabrication: ITO substrates were cleaned by sonication in soapy water, DI

water, acetone, and isopropanol sequentially. Then, a solution of Zn2+ was prepared in

a glovebox by dissolving Zn(acetate)2·2H2O (500 mg) in 2-methoxyethanol (5 mL) and

ethanolamine (142 µL). This solution was spread on cleaned ITO substrates via spin

coating at 3000 rpm for 30 s. After spin coating, the substrates were placed on top of a

hot plate at 200 °C. After 30 min of annealing, the substrates were left to cool down and

the same procedure was repeated one more time to obtain a ZnO thickness of 45 nm.

TMAI-treated AgBiS2 films were deposited via multiple spin coating steps following the

recipe of the previously published study. [110] For the deposition of the ET-treated solar

cells, we utilized a faster route. Basically, one drop of concentrated AgBiS2 dispersion

was dropped onto ZnO-coated substrate spinning at 2000 rpm. Then, the spinning was

stopped and ethanethiol (ET; 0.2 % in methanol, 5 drops) was dispensed. After 15 s of

soaking, the sample was spun to dryness. Then, the sample was rinsed with methanol

and spun to dryness. After the deposition, AgBiS2 film was annealed on a hot plate in

air at 100 °C for 10 min. Then, a hole transport layer was deposited by spin coating

a PTB7 solution (5 g/L in dichlorobenzene) at 2000 rpm. Top contact was formed by

thermally evaporating MoO3 (3 nm) and Ag (150 nm) using a Kurt J. Lesker Nano36
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thermal evaporator. A shadow mask with 2 mm circular holes was used to define the

top contact profile.

Device Characterization: Solar cell characterization was performed using a New-

port Oriel Sol3A solar simulator equipped with an AM1.5 filter in air. Current-voltage

data were collected by a Keithley 2400 source meter. For the external quantum ef-

ficiency (EQE) measurement, a Stanford Research SR570 transimpedance amplifier

connected to a Stanford Research SR830 lock-in amplifier was used. The monochro-

matic light was generated by a Newport Cornerstone 260 monochromator and the

spectrum was corrected using calibrated Newport photodetectors (UV-818 and IR-818)

as the reference. A FiberTech Optica LED lightsource and an Agilent 4000X oscillo-

scope were used to measure JSC and VOC as a function of light intensity. For JSC and

VOC , 50 W and 1 MW input terminals of the oscilloscope were utilized, respectively. A

Vortran Stradus laser with a wavelength of 637 nm was used as the excitation source

for transient photovoltage (TPV) and transient photocurrent (TPC) measurements

for the calculation of density of trap states (DOTS). The thickness of the films was

measured using a KLA-Tencor Alpha-Step IQ Surface Profilometer. The films were

prepared by spin coating the material on ITO glass, and the measurement point is

formed by scratching the film with a sharp metal tip.
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Chemicals and Materials: All reagents were purchased from Sigma-Aldrich, AgI which

was obtained from Strem Chemicals. P3HT (poly[3-hexylthiophene-2,5-diyl]) was pur-

chased from Rieke materials.

Synthesis of AgBiSe2 CNCs: Se precursor used in this study is prepared by dis-

solving SeO2 in methanol with a concentration of 2 M. In a separate container AgI

(0.2 mmol) and BiI3 (0.2 mmol) powders are dissolved in 4 ml of n-octylamine. Then,

Se precursor solution is added to the vigorously stirring AgI-BiI3 solution. At this

stage, no nucleation occurs for n-octylamine alone is not sufficient to reduce SeO2

(See Figure C.1). When 0.5 ml of 1-octanethiol is injected into the reaction mixture

the solution obtains a dark color due to the formation of AgBiSe2 CNCs. After the

synthesis, AgBiSe2 CNCs are purified by addition of acetonitrile and centrifugation.

After purification, AgBiSe2 CNCs are dispersed in octane and filtered through 0.22

µm PTFE filters. For device fabrication, a dispersion of AgBiSe2 CNCs with a concen-

tration of 30 mg ml−1 is used. For the synthesis of Ag2Se and Bi2Se3 CNCs, only the

respective metal iodide is dissolved in n-octylamine and the amount of Se precursor is

adjusted accordingly.

89



Appendix C: Supplementary Data for Chapter 4 90

Figure C.1: Dissolution of SeO2 in (a) only n-octylamine, (b) only 1-octanethiol and
(c) a mixture of n-octylamine and 1-octanethiol.

Synthesis of alloyed AgBiSSe CNCs: The synthesis of AgBiSSe CNCs are car-

ried out similar to AgBiSe2 CNCs. A Se precursor is prepared by dissolving SeO2 in

methanol with a concentration of 2 M. In a separate container AgI (0.2 mmol) and

BiI3 (0.2 mmol) powders are dissolved in 4 ml of n-octylamine. Then, Se precursor

solution is added to the vigorously stirring AgI-BiI3 solution. To initiate the nucleation

a sulfur solution in 0.5 ml of 1-octanethiol is injected into the metal iodide solution.

The color of the solution darkens quickly after the injection due to the formation of

AgBiSSe CNCs. After the synthesis, AgBiSSe CNCs are purified similar to AgBiSe2

CNCs.

Material Characterization: UV-vis absorption spectrum was measured using a

Cary 5000 spectrophotometer using 1 cm optical path cuvettes using dilute nanocrys-

tal dispersions in octane. TEM was performed using a JEOL 2100 microscope with

an acceleration voltage of 200 kV at the Scientific and Technological Center of the

University of Barcelona (CCiT-UB). Samples were prepared by dropcasting dilute Ag-

BiSSe dispersions onto carbon-coated copper grids. XRD spectra were obtained using

a Rigaku SmartLab II powder diffractometer with Cu Kα radiation (λ = 1.5406 Å,

45 kV, 40 mA). The samples were prepared by dropcasting a concentrated dispersion

of AgBiSe2 nanocrystals onto glass slides. X-ray and Ultraviolet photoelectron spec-

troscopy (XPS/UPS) were performed with a Phoibos 150 instrument equipped with a

monochromatic Kα X-ray source (1486.74 eV) at the Institut Catala de Nanociencia

i Nanotechnologia (ICN2). The spectra were corrected in energy by using the adven-
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titious carbon peak (C 1s, 284.8 eV) as the reference. Atomic ratios were calculated

by integrating elemental peaks with Shirley background profile. For fitting of peaks a

combination of Lorentzian and Gaussian functions were utilized. XPS and UPS samples

were prepared by treating the films with ethanethiol in methanol (0.2 % v/v).

Fabrication of AgBiSe2 CNC solar cells: After cleaning by sonication in soapy

water, deionized water, acetone and isopropanol, a 45 nm-thick ZnO layer is deposited

on ITO substrates by sol-gel process. A solution of Zn(acetate)2·2H2O (500 mg in

5 ml of 2-methoxyethanol and 142 µl of ethanolamine) is spun coated on clean ITO

substrates at 3000 rpm. Then, then substrates are annealed at 200 °C for 30 minutes.

After cooling to room temperature, one more ZnO layer is deposited using the same

process to obtain a 45 nm-thick ZnO layer. After the deposition of ZnO, AgBiSe2

CNCs are spun coated at 2000 rpm. Then, 5 drops of thiophenol (0.2 % v/v in ethanol)

is dropped on AgBiSe2 CNC layer. After rinsing excess thiophenol with ethanol, 5

drops of TMAI solution in methanol (1 mg ml−1) is dropped onto the layer. Then,

AgBiSe2 CNC layer is rinsed with methanol. To complete the device, a PTB7 layer is

spun coated at 2000 rpm using a P3HT solution in dichlorobenzene (2.5 mg ml−1) and

MoO3 (3 nm) and Ag (150 nm) layers are deposited by thermal evaporation.

Device Characterization: Solar cell characterization was performed using a New-

port Oriel Sol3A solar simulator equipped with an AM1.5 filter in air. Current-voltage

data were collected by a Keithley 2400 source meter. For the external quantum ef-

ficiency (EQE) measurement, a Stanford Research SR570 transimpedance amplifier

connected to a Stanford Research SR830 lock-in amplifier was used. The monochro-

matic light was generated by a Newport Cornerstone 260 monochromator and the

spectrum was corrected using calibrated Newport photodetectors (UV-818 and IR-818)

as the reference.
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