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The need for low-cost, sustainable energy generation has driven materials research towards the 

development of thin film solar cells based on earth-abundant materials. One of the leading 

candidates is Cu2ZnSn(S,Se)4, (CZTSSe), a material which bears many resemblances to its 

parent compound Cu(In,Ga)Se2, but is comprised entirely of earth-abundant primary metals 

(metals mined for directly). CZTSSe devices have reached 12.6% efficiency,
1
 but will need to 

improve further to be competitive to current technologies and reach grid parity. Compared to the 

theoretical limits, the world record CZTSSe device collects about 81% of the available current 

but only produces 58% of the maximum voltage. The low open-circuit voltage is believed to 

result from a large quantity of intrinsic defects,
2, 3

 a problem faced by almost all solar cell 

materials. To rapidly advance the efficiency and understanding of defects in CZTSSe, we have 



 

developed a high-throughput screening process based on a combinatorial spray deposition 

system and a confocal photoluminescence mapping instrument calibrated to determine the 

absolute photon flux. By fitting the absolute intensity photoluminescence (AIPL) spectra, we are 

able to extract quantitative metrics about the quantity of charged defects and determine the quasi-

Fermi level splitting (the maximum possible Voc at a given illumination intensity) without 

making completed devices. This process allows us to test thousands of samples in the time it 

formerly took to test one, and reduces error due to additional processing steps. By combining 

over 40,000 AIPL spectra, I have been able to map out how the optoelectronic properties depend 

on the relative quantities of Cu, Zn, and Sn. Further, I have investigated the impact of over 25 

different extrinsic species in varying concentrations, including the effect of germanium alloying 

to produce the larger band gap material Cu2Zn(Sn,Ge)(S,Se)4, and an in-depth study of group-I 

dopants. This work has contributed to the understanding of lithium as an effective dopant for 

CZTSSe and greatly improved the communities understanding of both intrinsic and extrinsic 

defects, enabling efficiencies from our lab as high as 11.8%. Additionally through Germanium 

alloying we have demonstrated an 11% CZTGSSe solar cell with the lowest reported voltage 

deficit of any kesterite device.
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PROLOGUE 

The work included in this document covers the 5 years of research that I conducted at the 

University of Washington in Seattle. Here I will briefly outline the structure of this document 

and highlight the publications that have resulted. In Chapter 1, I discuss fundamental concepts of 

semiconductors and how they can be used for solar energy conversion. Chapter 2 is an 

unpublished review paper which includes an analysis of the cost and abundance of the 

constituent elements, a comprehensive review of materials properties, and design rules for 

developing high efficiency kesterite devices. In Chapter 3, I discuss defect passivation strategies 

that have been used to produce high efficiency Cu(In,Ga)Se2 and CdTe solar cells. I also 

introduce a combinatorial screening process that I helped to design and build. This process 

allowed me to rapidly apply the defect passivation strategies learned from CIGS and CdTe to 

kesterite materials, as demonstrated in Chapters 6, 7, and 8.  However prior to being able to 

conduct these experiments, one big hurdle that I faced was finding ways to consistently produce 

nanocrystal inks with controlled off-stoichiometric compositions. This is the subject of Chapter 

4. In Chapter 5, I investigated how the properties of the nanocrystal inks (particle size, 

compositional heterogeneity, etc) impact the performance of the resulting solar cells. The results 

of this study highlight that there are many non-trivial aspects to using nanocrystals for solar cells. 

This ultimately pushed me towards focusing on molecular ink-based routes for the combinatorial 

experiments, which are the subject of Chapters 6-8. Finally, in Chapter 9 I propose some future 

work which I believe is necessary for further improving kesterite materials. In total, this work 

has resulted in 5 peer-reviewed publications (4 first-author) and 2 unpublished works as listed 

below 

 

[1] A.D. Collord and H.W. Hillhouse. “Stoichiometry Control and the Formation Pathway of Cu-Zn-Sn-S and Cu-Zn-Ge-S Nanocrystals for 

Sulfoselenide Thin Film Solar Cells”. Chemistry of Materials, 2015, 27, 1855-1862. 
[2] A.D. Collord and H.W. Hillhouse. The effect of nanocrystal reaction time on Cu2ZnSn(S,Se)4 solar cells from nanocrystal inks. Solar 

Energy Materials and Solar Cells 2015, 141, 383-390. 

[3] A.D. Collord, H. Xin, & H.W. Hillhouse. “Combinatorial Exploration of the Effects of Intrinsic and Extrinsic Defects in Cu2ZnSn(S,Se)4”, 
IEEE Journal of Photovoltaics, 2015, 5, 288-298. 

[4] A.D. Collord and H.W. Hillhouse. “Germanium Alloyed Kesterite Solar Cells with Low Voltage Deficits” (submitted) 

[5] A.D. Collord, A. Uhl, and H.W. Hillhouse. “Combinatorial Screening of Extrinsic Elements in Solution Processed Cu2ZnSn(S,Se)4” (in 
preparation) 

[6] H. Xin, S.M. Vorpahl, A.D. Collord, et al. “Li-Doping Effects the Nanoscale Electrical Properties in Cu2ZnSn(S,Se)4 and Increases 

Photovoltaic Efficiency”. Physical Chemistry Chemical Physics, 2015. 
[7] A. D. Collord, J. K. Katahara, C. N. Bucherl, H. Xin, D. S. Pruzan and H. W. Hillhouse, “Kesterite Solar Cells: State-of-the-art, 

Perspective, and Grand Challenges for Copper Zinc Tin Sulfide (CZTS) and Selenide (CZTSe) Materials and Devices”. Invited to Energy 

and Environmental Science. 2012. Unpublished. Available by request 
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Chapter 1.  

CONVERTING LIGHT INTO ELECTRICITY 

A key result from quantum mechanics is that electrons have orbitals with very specific allowable 

energies, and when atoms are brought into close proximity (such as in a solid material) these 

orbitals overlap to form bands. These bands of allowed electron states are separated in energy 

from one another and between them lay energies that an electron within the solid cannot possess. 

The Fermi level is a concept used to indicate the probability that states at a given energy will be 

occupied. It is defined as the energy at which there is a 50% chance the state will occupied by an 

electron. If the Fermi level lies within a band of allowable states, the material is a metal. If the 

Fermi level lies between bands of allowable states, the materials can be either a semiconductor or 

an insulator, depending on the energy difference between the bands.  

 

For both semiconductors and insulators, the highest band that is completely filled with electrons 

is referred to as the valence band (VB). The next highest energy band is referred to as the 

conduction band (CB), and the energy difference between the valence band maximum (VBM) 

and the conduction band minimum (CBM) is known as the band gap. Insulators have a large 

band gap (Eg > 3.5 eV) and as a result their electrical conductivity is very low. Semiconductors 

have a small band gap (0.25 > Eg > 3.5 eV) such that that ambient thermal or optical excitation is 

sufficient to generate free carriers, and thus just as their name would imply, they have moderate 

conductivities, unless doped to increase the conductivity. 

1.1.1 The Energy Conversion Limit 

Semiconductors are the basis of solar photovoltaic energy generation, and it is the solar spectrum 

reaching the earth’s surface which dictates which band gaps are ideal for energy generation. The 

AM1.5GT standard spectrum is most often used to describe the solar spectrum reaching the 

earth’s surface. In actuality it is the solar spectrum at northern latitudes, assuming the panel is 

tilted towards the equator. This spectrum is used because it is typical the geographies where most 

solar panels are currently researched and deployed. Of course, there is far greater energy 

potential in the equatorial regions, but political and social boundaries as well as economic 
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disparities limit the deployment in these regions. Figure 1.1 shows the maximum theoretical 

efficiency of a solar cell as a function of the band gap, calculated using the AM1.5GT spectrum. 

This calculation assumes a perfect semiconductor with step function absorptivity, no reflectivity 

losses, and a perfect back reflector.  

 

Figure 1.1 The maximum power conversion efficiency for a single junction solar cell as a 

function of bandgap. The AM1.5GT spectrum was used for the calculation. 

 

1.1.2 Charge Carrier Extraction 

The absorption of sunlight to create an electron-hole pair is the first step in photovoltaic energy 

generation, but a single semiconductor in isolation cannot generate usable energy by this process. 

Additional materials are needed to create an electric field which separates the electron and hole 

and direct the carriers through an external circuit. If the electron-hole pair is not extracted it will 

recombine either radiatively (by emitting light) or non-radiatively (by emitting heat), and 

produce no useable work. To separate the electron-hole pair, a p-n junction is most commonly 

used. A p-n junction is a physical junction between a p-type material (hole conductor) and a n-

type material (electron conductor). A typical device architecture for a thin film solar cell is 

shown in Figure 1.2. The Fermi level is the energy level at which a state has a 50% chance of 

being occupied by an electron at a given temperature. A p-type material has a Fermi level located 

near the valence band due to a relative excess of holes. An n-type material has a Fermi level 

located close to the conduction band due to an excess of electrons. When these two materials are 
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put into contact electrons flow from the n-type material into the p-type material leaving behind 

positive fixed charge, and holes flow from the p-type material into the n-type material leaving 

behind negative fixed charge. This process occurs until the Fermi levels are equal, and results in 

the establishment of a fixed electric field. This electric field is what separates the electron and 

hole and directs them through an external circuit to perform work. However, we can only extract 

useable energy from a solar cell if the current that it produces is driven by a potential difference 

(a voltage).  

 

 

Figure 1.2 Schematic showing a common device architecture for a thin film solar cell. 

Sunlight enters the device through the transparent top contact. 

 

1.1.3 The Open-Circuit Voltage  

When light is absorbed by a semiconductor, it generates an electron-hole pair. Under constant 

illumination, the semiconductor quickly reaches a steady-state between the generation and 

recombination of these free carriers. The difference between the number of charge carriers under  

constant illumination and in equilibrium (dark) is referred to as the excess charge carrier 

concentration (Δn or  Δp). The open-circuit voltage (Voc) is directly related to the quantity of 

excess charge carriers. The Voc is the difference between the chemical potential of the excess 

electrons in the conduction band and holes in the valence band. These chemical potentials are 

referred to as the quasi-Fermi levels, and the difference between the quasi-Fermi level for 

electrons in the conduction band and the quasi-Fermi level for holes in the valence band is called 

the quasi-Fermi level splitting (QFLS). In an ideal solar cell, the QFLS is exactly equal to the 
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open-circuit voltage (Voc). As shown in Equation 1.1, for a p-type material, the quasi-Fermi 

level for electrons (Ef,n) is dependent on the excess carrier concentration (Δn), which is 

dependent on the carrier lifetime (τeff), which is dependent on the relative rates of radiative (τrad) 

and non-radiative recombination (τSRH), which is dependent on the density of defects (ND), the 

capture cross-section (σn) of the defect, and the electron thermal velocity (vn). Ei is the intrinsic 

Fermi level, and ni is the intrinsic carrier concentration. Therefore as the number of defects 

increases, the excess carrier concentration decreases, which reduces the chemical potential and 

thus reduces the open-circuit voltage. 

𝐸𝐹,𝑛 = 𝐸𝑖 + 𝑘𝑇 𝐿𝑛 [
∆𝑛

𝑛𝑖
] =  𝐸𝑖 + 𝑘𝑇 𝐿𝑛 [

𝑅𝜏𝑒𝑓𝑓

𝑛𝑖
] =  𝐸𝑖 + 𝑘𝑇 𝐿𝑛 [(

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝑆𝑅𝐻
) /𝑛𝑖]

=  𝐸𝑖 + 𝑘𝑇 𝐿𝑛 [(
1

𝜏𝑟𝑎𝑑
+ 𝜎𝑛𝑣𝑛𝑁𝐷) /𝑛𝑖]               

Equation 1.1 

 
 

Table 1.1 summarizes the performance of the champion devices of different photovoltaic 

technologies compared to their theoretical limits. Most inorganic photovoltaic technologies do a 

good job of collecting the photo-generated carriers, as demonstrated by a comparison of the 

current extracted at short circuit (Jsc) to the theoretical maximum under AM1.5G illumination 

(Jsc
SQ

). However, with the exception of GaAs, most of these materials produce a smaller portion 

of the theoretical maximum voltage (Voc
SQ

). In particular, we see that the world record CZTSSe 

device produces 81% of the maximum current (Jsc/Jsc
SQ

), but only 58% of the maximum voltage 

(Voc/Voc
SQ

). A low Voc primarily results from having too many defects, both intrinsic and 

extrinsic, but a low Voc can also result from improper band alignment between layers, band gap 

fluctuations, or electrostatic potential fluctuations. Determining the exact nature of the loss 

mechanism is critical for developing a solution to the problem. One technique that can help us to 

do that is absolute intensity photoluminescence (AIPL). AIPL allows us to determine the quasi-

Fermi level splitting, the magnitude of electrostatic potential fluctuations, and the band gap. A 

discussion of this technique is included in Chapter 6. 

 

These core concepts describe the basic function of a solar cell, a device which allows us to 

harness the energy of the sun. The electric field produced by putting two electronically different 
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materials in contact allows us to extract current; the excess carrier population sustained under 

illumination produces the potential (voltage); and the output power is the simple product of the 

current and voltage. However, both the electric field and the excess carrier population are 

diminished as a result of defects within the absorber layer. Thus developing ways to identify and 

eliminate these defects is a central theme of solar cell research, and is a topic that will be 

elaborated upon in the following chapters. 

 

TABLE 1.1 COMPARISON OF PHOTOVOLTAIC TECHNOLOGIES TO THEIR THEORETICAL LIMITS. 

Record Eg (eV)  (%) 
 

max 

JSC 
(mA/cm2) 

 JSC 
JSC,Max 

VOC (V) 
 Voc     

Voc,Max 
FF 
(%) 

 FF  
FF,Max 

GaAs 1.42 28.8 0.867 29.68 0.926 1.112 0.968 86.5 0.966 

CdTe 1.45 21.5 0.655 30.25 0.981 0.876 0.738 79.4 0.885 

x-Si 1.12 25.6 0.766 41.8 0.954 0.740 0.844 82.7 0.952 

CIGSe 1.10 21.7 0.657 35.4 0.828 0.747 0.868 79.3 0.913 

CZTSSe 1.13 12.6 0.376 34.5 0.812 0.460 0.579 69.8 0.800 

 

 

 

  



 

 

18 

Chapter 2.  

A REVIEW OF KESTERITE MATERIALS AND DEVICES 

2.1 INTRODUCTION 

2.1.1 Status of Global Energy Demand and Solar Energy Production 

Global energy consumption has increased dramatically over the past few decades due to continued 

population growth and increasing consumption per capita, particularly in countries with rapidly growing 

GDP. In 2011, approximately 535 EJ (1 EJ = 10
18

 J) of high value energy resources
4, 5

 (BP report of 

515.5 EJ and Exxon report of 555.3 EJ) were dissipated to ambient thermal energy – on average this is a 

rate of power dissipation of 16.6 TW or 2.4 kW/person. It is important to note though that this is the rate 

of consumption of primary energy (an energy resource such as coal that has not been subjected to any 

transformation). There is a significant efficiency loss when coal, natural gas, or petroleum products are 

combusted to do work (generate electricity, turn a drive shaft, etc.) but not when used for heating. As a 

result, the total work plus heating used by the world is much less than the reported total primary power 

dissipation rate. Based on statistics from the U.S. energy economy,
6
 only 43% of the primary energy 

consumption goes to useful work and heating. Applying this fraction to global energy consumption 

yields an estimate of 7.3 TW of global need for work and heating. Since electricity can theoretically be 

converted to work or heat with 100% efficiency, 7.3 TW of electricity production could nearly satisfy 

world power demand (not including any efficiency losses required to generate high energy density 

liquid fuels that will likely always be needed for air-travel). 

 

Meeting our energy needs with clean, carbon neutral, sustainable resources is important for human 

health and wellness, the long-term environmental health of our ecosystems, and climate stability. In 

addition, if high value energy is abundant and inexpensive it can contribute to increasing the standard of 

living, as quantified by the U.N.’s human development index.
7
 Of the various clean carbon neutral 

energy resources, solar is particularly attractive because of its availability and abundance. The Sun 

provides approximately 86,000 TW of exergy (the maximum useful work possible, accounting for the 

2
nd

 Law of Thermodynamics) to the surface area of the earth 
8
. About 25,000 TW strikes land 

(accounting for cloud cover). Thus, 0.03% of the incident sunlight energy hitting World land area would 

be sufficient to power the planet. Assuming an average efficiency of 15% in converting the free energy 

in the sunlight to electricity, this would require harvesting approximately 0.2% of sunlight incident on 
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global land area to meet current energy demands. In practice, one must account for the local demand 

curve, the local solar insolation, and the specific solar technology. It is also important to note that 

without significant energy storage mechanisms, other resources and technologies must be used to supply 

baseload capacity. This can be met with wind, hydro, and some nuclear or combined cycle natural gas 

generation.  

 

Although PV is not currently suitable for baseload power generation, there is plenty of room for growth 

as an intermediate- or peak-load power supply. The last decade has seen rapid growth of solar PV and 

dramatic cost reductions. The median installed cost of PV installations >100kW in the US fell from an 

average of about $9/WDC in 2002 to $4.2/WDC in 2013.
9
 In 2011 dollars, average global module prices 

decreased from $4.90/Wp in 1998 to $1.28/Wp in 2011,
10

 however spot prices as low as $0.64/Wp
11

 can 

be found and installations yielding electricity at 15.2 ¢/kWh
12

 exist for some commercial systems. 

Annual installations have increased by an average of 73% since 2005 with 38 GWp of capacity being 

installed worldwide in 2013 alone.
13

 Current estimates place total installed capacity at 139 GWp.
13

 

Assuming a global average insolation (including cloud cover, nights, and seasons) of 168 W/m
2
 (86,000 

TW divided by 0.948 to convert solar exergy into energy and then divided by the 5.1x10
14

 m
2
 surface 

area of the Earth), one can estimate that there are about 23.1 GW of electricity generating capacity 

globally from PV. This is equivalent to about 23 large nuclear or coal-fired power plants. In practice, the 

number will be higher by an amount accounting for the fact that PV installations are common in areas of 

higher insolation (Los Angeles averages 233 W/m
2
 while Seattle averages 154 W/m

2
) and lower by a 

factor accounting for less than ideal installations (shadowing by trees and non-optimized tilt angle and 

direction).  

 

Thus far, crystalline silicon solar cells have dominated the market, accounting for 86% of module 

shipments in 2011,
14

 but thin-film technologies that take advantage of lower materials and processing 

costs are increasing dramatically. Between 2009 and 2010, shipments of thin film modules grew by 

72%.
15

 One of the biggest growth areas for thin film is in building integrated PV (BIPV), which is 

expected to grow from $2 billion (USD) in 2011 to over $11 billion in 2016, driven by new products 

such as Dow Chemical’s POWERHOUSE Solar Shingle.
16, 17

   

 



 

 

20 

2.1.2 Thin Film Photovoltaics from Earth-Abundant Elements 

CdTe and Cu(In,Ga)Se2 (CIGSe) are currently the leading thin film technologies with cell efficiencies 

of 19.0%
18

 and 20.3%
19

, respectively. However, due to concerns over the price, availability, and price 

volatility of In and Te there has been increasing interest in the development of alternative materials. A 

2009 study by Wadia et al.
20

 brought widespread attention to earth abundant materials for PV. By 

looking at the crustal abundance, annual production, and bandgap, they identified materials such as 

FeS2, Cu2S, amorphous silicon (a-Si) and Cu2ZnSnS4 (CZTS) as top candidates for low-cost PV. 

However, single junction a-Si efficiencies have remained stagnant for some time. They seem to have 

effectively reached their limit due to Stabler-Wronski instability
21, 22

 and may not be able to compete 

with other more efficient technologies. Cu2S has promise, but suffers from serious stability limitations 

when paired with known n-type materials to form a heterojunctions.
23, 24

 FeS2, the top material based on 

abundance, material extraction cost, and bandgap appears to be to have serious fundamental challenges 

due the formation of native defects that have mid-gap energy states that facilitate electron-hole 

recombination
25-27

 and thus significantly limit its practical PV efficiency.  In contrast to these other 

materials, CZTS, the selenide Cu2ZnSnSe4 (CZTSe), and the sulfoselendide Cu2ZnSn(S,Se)4 (CZTSSe), 

collectively referred to as kesterites (due to their structure), form stable junctions and have remarkably 

serendipitous defect chemistry due to the formation of neutral defect complexes which are relatively 

benign.
24

 Kesterites may thus be the most promising candidates for efficient Earth abundant element 

PV. In addition, due to the larger band gap, the theoretical voltage from a CZTS solar cell is 41% higher 

than the theoretical voltage from a c-Si solar cell which will result in lower balance-of-systems costs. 

 

The bandgaps of both CZTS and CZTSe are nearly ideal for solar energy conversion. Detailed balance 

calculations show that the theoretical maximum efficiencies are 32.4% and 31.0% for CZTS and 

CZTSe, respectively (Figure 2.1).
28

 These calculations are similar to that of Shockley and Queisser,
29

 

but here we use the ASTM G-173 standard AM1.5 gobal solar spectrum instead of the blackbody 

approximation and assume that there is no radiative emission from the back surface (due to the presence 

of a perfectly reflective back contact). In practice, the bandgap may be tuned between these two values 

by varying the S/(S+Se) ratio to form Cu2ZnSn(S,Se)4 or perhaps by cation substitution.
30

 Experimental 

progress is advancing rapidly and devices have recently achieved efficiencies of 12.6%.
1
 Given the 

favorable defect chemistry and junction stability of Cu2ZnSn(S,Se)4 devices, the PV community should 

be bullish about device efficiencies exceeding 20% power conversion efficiency with these materials.  
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Figure 2.1 Where the energy goes. The pie charts show the results of detailed balance calculations 

for CZTS (a) and CZTSe (b). The blue shaded region shows the upper limits of efficiency for single 

junction cells that utilize these materials Reproduced from Ki and Hillhouse.
28

 

 

2.1.3 Elemental Abundance, Production Rates, Environmental Concerns 

The most commonly cited criticisms for the future potential of large-scale manufacturing of current thin 

film technologies such as CdTe and CIGSe are related to the elemental abundance and potential for 

price volatility of Te and In, and the toxicity and environmental concerns of Cd. As a result, there have 

been a number of analyses
20, 31-35

 and even an analysis of those analyses.
36

 The publications use a range 

of different assumptions and methodologies, but generally all agree that elemental abundance is more of 

an issue for CdTe than CIGSe. However, the three most recent reviews have all concluded that price, 

not abundance, is what will likely limit PV module production with these technologies.
20, 34, 36

 While it 

is impossible to predict what the market will look like in the future, demand for indium (in the form of 

tin-doped indium oxide, ITO) in flat panel displays and touchscreens could raise indium prices to a 

point where the profit margins on solar cells like CIGSe could be significantly affected. This also should 

steer research efforts to avoiding indium in the transparent conducting layer of the solar cell (current 

CIGSe devices use aluminum doped zinc oxide, AZO, as opposed to ITO). 

 

A key advantage of kesterite based solar cells is that they rely primarily on high production rate 

industrial metals that are mined for directly. As a result, the raw materials costs are lower, and concerns 

over future price volatility and availability are practically non-existent. In order to compare CZTS to 

current thin film technologies, we show the results of a simple analysis. With the exception of Te annual 

production rates, all mineral data comes from the United States Geological Survey (USGS) 2011 

Mineral Commodity Summaries.
37-39

 We used 2010 mineral production rates and a 5-year average 

(2007-2011) mineral price for all calculations. Because the USGS does not disclose US Te production, 
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annual production numbers for Te are taken from Ojebuoboh
40

 and is therefore older (2008) than data 

from the USGS. As noted by Candelise et al., a potential flaw of many prior sustainability assessments 

is that they all use data from the USGS mineral commodity summaries. This is primarily an issue when 

making projections based on reserves numbers, and therefore should not significantly impact our 

calculations. We calculated the raw material cost of different thin film technologies by material layer in 

the devices and by element, assuming a 50% materials utilization rate and assuming the layer 

thicknesses and device efficiencies listed in Table S1. The “raw” materials costs are calculated using a 5 

year average (2007-2011). They do not include any additional processing costs such as refining to 

produce very high purity or the cost of making a sputtering target, but are used as representative figures 

since the actual material cost is highly dependent on deposition technology, precursors required, purity, 

and material utilization. The results shows that: (1) crustal abundance is not an issue for any of the 

elements in CZTS or CZTSe devices (Cu, Zn, Sn, S, Se, Mo, Cd) up to cumulative installed PV capacity 

of 1.4 TWp,(Se-limited for CZTSe) (2) production rates of the main absorber elements Cu, Zn, Sn, and 

S will not be a limiting factor for large-scale manufacturing up to annual PV production rates of 7.3 

TWp/yr, (Sn-limited CZTS); and (3) Mo or Se could ultimately limit annual production of CZTS and 

CZTSe if the standard device architecture (AZO/i-ZnO/CdS/kesterite/Mo/glass) is used. For CZTSe 

solar cells, Se is the limiting element. Assuming 50% of annual Se production can be devoted to 

manufacturing of CZTSe solar cells with 50% materials utilization and no recycling, annual production 

of CZTSe is constrained to 23.9 GWp/year. If Se is avoided (i.e. pure sulfide CZTS is employed) then 

the next most constrained element is Mo in the back contact. Assuming 5% of annual Mo production is 

devoted to manufacturing CZTS and a 50% materials utilization rate, annual production of CZTS would 

only be constrained to 159 GWp/year. While, Mo and Se production might pose a small concern, the 

other metals used in a CZTS/CZTSe solar cells are massively more abundant. Using our assumptions, 

producing 1 TWp of CZTS in one year would require only a small fraction of the annual production rate 

(and known economic reserves) for each element, 0.187 wt% (0.00483 wt%) for Cu,  0.130 wt% 

(0.00626 wt%) for Zn, 10.88 wt% (0.546 wt%) for Sn, and 0.0451 wt% (5.11x10
-6 

wt%) for S. It should 

be noted that based on our analysis, the Mo back contact is by far the single most expensive layer in a 

CZTS device, accounting for over 80% of raw materials costs. In actual production, this could be even 

worse if materials yields during Mo sputtering are as low as noted in one report (12%).
41

 For Se, the 

limiting factor is the relatively low recovery rate. Se is primarily collected from the anode sludge of 

electrolytic copper refining operations, so reserve estimates are based on identified copper deposits.
42, 43

 

Due to weak demand, as little as 12% of Se was recovered from Cu ores in the past.
40

 In recent years, 

growing demand has increased recovery to as much as 50-60%, demonstrating that higher recovery rates 
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are possible if there is demand.
34, 37

 Coal generally contains 80-90 times as much Se as average Cu 

deposits, and extraction is technically feasible. However, recovery of Se from coal is not anticipated in 

the foreseeable future and is therefore not included in reserves estimates.
42

 A more detailed analysis of 

Se availability and recovery can be found elsewhere.
40

 

 

Figure 2.2 Element Cost & Production. (a) 2007-2011 average price per Mmol of each element. (b) 

Global production data in kmols from USGS. Note the logarithmic scales for both figures. Lines 

indicate minimum materials requirements for absorber layers at 50GWp annual production. Raw 

materials costs of different thin film technologies by absorber layer element (c) and thin film layer (d). 

Calculations based on 2007-2011 metals price data from USGS. 

2.1.4 Environmental Impact 

As previously mentioned, one of the commonly cited concerns with existing thin film technologies is 

the use of toxic elements. However, the use of an element that may be toxic in some forms or 

compounds does not necessarily represent a threat to public health and safety. It does mean that care 

needs to be taken to make sure that the form that it is used in does not degrade into more toxic forms in 

landfills, fires, or other expected events. In addition, special attention needs to be given to assess its full 

life cycle and potential effects on the environment and ecosystems. Even if these concerns are 

addressed, it can still present an obstacle for public acceptance. In this section we will briefly discuss 

the toxicity and environmental issues of metals used in kesterite solar cells.  
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With the exception of tin, all of the major metals used in a CZTS based solar cell are considered 

essential trace elements for plants and animals. Copper is normally bound to ceruloplasmin in blood, but 

when ingested in excess it can exist unbound. This free copper generates reactive oxygen species that 

damage proteins, lipids, and DNA causing copper toxicity.
44

 Copper has been shown to have anti-

microbial properties and is toxic to fish and other aquatic organisms. The toxicity of copper to 

freshwater aquatic organisms is dependent on a variety of ambient water chemistry parameters. For 

example, increases in hardness, pH, alkalinity, and natural organic matter result in increased lethality of 

copper to fish and other aquatic organisms.
45

 Copper enrichment in soil can interrupt natural processes 

of earthworms and microorganisms, slowly or completely halting decomposition. The land surrounding 

current and former copper mines is often barren for this reason.
46, 47

 Zinc is also an essential trace 

element that can be toxic if ingested in excess. Zinc interferes with iron and copper uptake, and thus 

excess zinc intake relative to copper or iron can lead to deficiencies. In high concentrations, zinc is toxic 

to plants, invertebrates, and vertebrate fish
48

 as well as aquatic plants
49

 and animals.
50, 51

  

 

Tin has no known biological role in living organisms, and cases of tin poisoning resulting from tin metal 

and its oxides are “almost unknown.”
52

 For this reason tin has been used for cookware, utensils, and 

food preservation (tin cans). However, organotin compounds are industrially important chemicals that 

are extremely toxic. Compounds such as tributyltin (TBT) have been used as antifouling biocides for 

ship hulls since 1960. These chemicals are potent neurotoxins and act as endocrine disruptors, causing 

imposex (development of male features in females) in snails and bivalves.
53, 54

 After the collapse of 

commercial shellfisheries in at least one area, these compounds were banned by the International 

Maritime Organization.
53, 55

 Following the ban, cuprous oxide paints became the dominant class of 

antifouling paint. These have led to copper levels in marine environments that are toxic to some 

species.
54, 56

  

 

Elemental sulfur and the majority of sulfate salts are not toxic; however, when burned in air sulfur 

produces sulfur dioxide, a major air pollutant that is toxic and leads to acid rain. Selenium has captured 

headlines in the US following reports of two-headed trout hatched from fish caught near an Idaho 

phosphate mine.
57

 Though selenium is an essential trace element, excess intake can lead to selenosis. 

Symptoms in humans include hair loss and sloughing of finger nails, but it is most dangerous to aquatic 

egg-bearing animals such as birds, fish, and reptiles, where it can lead to serious deformities.
58

  

Environmentally, selenium can accumulate in plants if soil concentrations are high. This can occur 
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naturally in some areas, or through contamination of soils with selenium-rich fertilizers or other soil 

amendments.
59

  

 

While no element or chemical is completely safe and benign in all forms and quantities, using relatively 

benign materials and developing appropriate methods to handle and dispose of wastes will become 

increasingly important as solar installations continue to grow. End of life considerations will also 

become increasingly important and has been the focus of at least one recent paper.
60

 Previous work has 

shown that recycling of some PV components such as glass substrates from CIGSe devices
61

 is possible 

but the biggest question is whether it could be economical.  Further, when considering the potential for 

terawatt scale implementation, it is important to consider possible unintended consequences (ex. corn-

based ethanol has caused unintended increases in food costs
62, 63

) through a rigorous consequential life-

cycle analysis,
64, 65

 doing this can ensure that “green” technologies really are green. 

 

2.2 ABSORBER LAYER FORMATION 

Many approaches have been developed to fabricate Cu2ZnSnS4, Cu2ZnSnSe4, and Cu2ZnSn(S,Se)4 

absorber layers. The majority of these techniques have been summarized by both Mitzi et al.
66

 and 

Ramasamy et al.
67

 and the reader is referred to those reviews for a comprehensive list. Physical vapor 

deposition techniques, such as thermal evaporation and sputtering, are by far the most well established 

means to deposit thin films. These techniques allow for good deposition control, repeatability, and are 

amenable to high purity processing. There are numerous reports of groups using PVD to deposit 

kesterites and fabricate devices.
68-84

 However, the problem with PVD techniques is that they are slow 

and capital intensive for large-scale manufacturing. Solution-based processes are much more appealing 

because they can enable high-throughput roll-to-roll type processing which can be used to dramatically 

increase manufacturing output and reduce cost.  

 

2.2.1 Solution-Based Absorber Layer Formation 

Solution-based processes can be divided into two categories: true solutions and suspensions. True 

solutions are distinguished from suspensions (in particular nanocrystal inks, discussed below) in that the 

initial solution/mixture contains dissolved Cu, Zn, Sn, S/Se elemental or molecular compounds not pre-

formed semiconductor particles. Depending on the precursors in the solution, there are two distinct 
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formulations: those that include chalcogens
28, 66, 85-87

 and those that do not.
88-92

 In both cases, thin 

films are formed by spin coating, spray coating, or knife coating multiple layers of the solutions. For 

precursors that contain chalcogens, kesterite phases may be formed upon annealing, with or without 

sulfur or selenium supply; for precursors that do not including chalcogens, the annealing is carried out 

in a sulfur or selenium environment in order to form the CZTS or CZTSe phase. An example of a true 

solution technique is the hydrazine-based process, which has been used to deposit the world record 

12.6% efficient device. In this process, a coating solution is prepared by dissolving Cu2S, S, SnSe, Se 

and a soluble Zn salt in hydrazine. Hydrazine has many advantages as a solvent. It contains no oxygen 

or carbon, and its strong reducing action has the ability to stabilize the formation of metal chalcogenide 

anions. It does not strongly coordinate and is volatile, which facilitates easy removal. In addition, it 

decomposes to N2, NH3, and H2. All of these features contribute to its suitability as a solvent for 

depositing high purity semiconductors. However, safety and environmental concerns are a major 

drawback of this chemistry, as hydrazine is explosive, hepatotoxic,
93

 and carcinogenic.
94, 95

 Efforts have 

been pursued to decrease the toxicity by using a 50:50 mixture of water and hydrazine along with a 

proprietary additive, but it has not achieved the same conversion efficiencies.
96

 A route that excludes 

hydrazine and any other toxic solvents is desirable.  One such process is the “molecular precursor” 

process, in which metal salts such as CuCl2, ZnCl2, and SnCl2 are dissolved in the non-toxic solvent 

DMSO by complexing with thiourea. Thiourea helps improve the solubility and stability of the metal 

cations, and also acts as the sulfur source. Using this process, devices with 11.8% efficiency have been 

demonstrated.
97

 

2.2.2 Solution-based Nanocrystal Inks 

The first solution-phase process to produce high efficiency kesterite solar cells was based on nanocrystal 

inks. A sulfoselenide thin film is made by knife-coating sulfide nanocrystals, then sintering them in a 

selenium environment to produce a polycrystalline absorber layer. This approach is different from true 

solution-based techniques in that the elements are in the correct (or close to the correct) stoichiometry, 

and the crystalline structure of the nanocrystals (NCs) is the same as the desired bulk phase. This 

reduces the need for solid-state diffusion of the metals and allows for the formation of a bulk film 

without passing through binary phases that may be kinetically stable or volatile.  The use of NCs for 

solar cells was originally developed for CIGSe, and then quickly expanded to CZTSSe due to concerns 

over materials availability (as discussed in Section 2). The synthesis of CZTS nanocrystals was first 

reported in 2009 in three roughly concurrent reports by Guo
98

, Riha
99

, and Steinhagen
100

, of which Guo 

presented a sintered CZTSSe device and Steinhagen presented an un-sintered CZTS NC device. Since 
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then, there have been many reports on the synthesis of CZTS NCs for solar cells.
30, 101-110

 Selenide 

NCs have also been synthesized,
111, 112

 but no reports exist regarding photovoltaic devices from those 

NCs. It is unclear at this time if sulfide NCs are superior or less effort has been directed towards making 

devices from selenide NCs. Synthesis techniques for CZTS NCs have included hot injection,
100, 102, 107

 

solvothermal,
104

 microwave-assisted,
106, 113

 and two-phase reaction
102

 (inorganic salts dissolved in 

polymer solvent, and S and ligands in organic solvent). Typically, NCs are synthesized and sterically 

stabilized using long chain organic molecules. These molecules typically leave residual carbon in the 

film, but recent work has shown that after synthesis they can be removed and replaced with molecular 

metal chalcogenides (MCCs) such as In2Se4
2-

 or Sn2S6
4-

. MCCs electrostatically stabilize the NCs using 

native elements, rather than impurities. No devices have been reported using these ligands yet, but the 

results will likely be interesting.  

 

Figure 2.3 Schematic overview of nanocrystal ink-based solar cell fabrication process in which a 

nanocrystal-ink is spread and sintered to form a high photovoltaic quality absorber layer. This method 

can be applied to any nanocrystal-inks, but the best results have been achieved when sulfide 

nanocrystals are heated in a selenium atmosphere and converted to selenides during the sintering 

process. 

 

Thus far, the most efficient devices have come from selenization of CZTS and CIGS NCs synthesized 

via the hot injection method. The overall device fabrication process is shown schematically in Figure 
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2.3 and with photographs in Figure 2.4. This process has been used to produce CIGSe,  CZTSSe,  and 

Cu2ZnSnxGe1-xSy (CZTGS)  solar cells with efficiencies of 12%
114

, 9.0%
115

, and 8.4%
108

 respectively. A 

similar process has been used by Guo et al to produce a 8.5% CZTSSe device starting from a mixture of 

binary and ternary NCs.
116

 The process involves: (1) the synthesis of sulfide nanocrystals in oleylamine 

via the hot injection method; (2) redispersion of the NCs in an organic solvent (to form an “ink”); (3) 

film formation via doctor blading; and (4) thermal annealing in a Se atmosphere to burn out organic 

ligands and convert the sulfide NCs to a polycrystalline selenide absorber layer. One of the limitations 

of the process is the use of the hot injection technique (though gradual heating has also been used), 

which is a batch process. However, Shavel et al have produced CZTS NCs in large quantities using a 

continuous flow reactor, demonstrating that NC based technologies are scaleable.
117

 The use of NC inks 

for solar cell application has been around for less than a decade, yet rapid increases in understanding of 

formation mechanisms, device efficiencies, synthesis techniques, and avenues for scalability place this 

technology among the most exciting potentials for achieving large scale and economic PV utilization. 

 

Figure 2.4 Photographs of CZTSSe photovoltaic devices at each stage of processing. From upper left 

to lower left: (a) Mo-coated SLG, (b) after doctor blading NCs, (c) after annealing in selenium, (d) after 

of chemical bath deposition of CdS, (e) after sputtering i-ZnO/Al:ZnO, and (f) after evaporation of 

Ni/Al contacts and scribing. 
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2.3 STRUCTURE AND PHYSICAL PROPERTIES 

CZTS and CZTSe are tetrahedrally coordinated semiconductors that are structurally related to the cubic 

zinc blende structure that is common in III-V and II-VI compounds like GaAs and CdTe. Starting from 

the II-VI structure, the group II cation sites are replaced by an ordered sequence of group I and group III 

cations to yield the chalcopyrite structure (I-III-VI2). From this structure, the group III sites are replaced 

by an ordered sequence of group II and group IV cations to yield the kesterite structure (I2-II-IV-VI4). 

The ordering of the cations forces the I2-II-IV-VI4 structures to be described by a tetragonal unit cell 

(nominally 1x1x2 times the lattice constants of the cubic zinc blende cell).  Depending on the material a 

tetragonal distortion (c/2a ≠ 1) may be present. Reports of the lattice constants of CZTS, CZTSe, and 

CZTSSe indicate that the tetragonal distortion is very small, but simulation and experiments have 

produced distortions that are greater than and less than 1. The largest values of c/2a are from crystals 

that were grown with an ICl3 transport agent.
118

 Currently, it is unclear whether 

experimental/computational error, purity, or disorder of the cation sublattice is responsible for the 

variation.  

 

There are three possible structures for CZTS and CZTSe that result from distinct orderings of the 

cations: kesterite (space group I4), stannite (I42m), and PMCA (P42m). The kesterite structure is the 

most stable phase as determined by ab initio calculations.
119-121

 Recent x-ray
122

 and neutron
123

 

diffraction experiments confirm kesterite as the structure for both CZTS and CZTSe, though significant 

Cu-Zn disorder has been noted. The energy difference between the kesterite and stannite structures is 

small (particularly for the selenide), much less than kT at room temperature, and a significant amount of 

cation site disorder likely exists in most materials.
120

 All experiments and data suggest that there is no 

ordering of the anion sublattice in the sulfoselenide and that Cu2ZnSn(Sx,Se1-x)4 is a true solid solution. 

CZTS melts at 991 °C
124

 and CZTSe melts at 805 °C.
125

 The calculated enthalpies of formation of 

kesterite CZTS and CZTSe are -312.7 kJ/mol -361.9 kJ/mol, respectively, both of which are more 

negative than for the stannite and wurtz-stannite phases.
126

 Experimental phase diagrams of the Cu2S-

ZnS-SnS2
127

 and Cu2SnSe3-ZnSe-SnSe2
128

 systems and density functional theory calculations show a 

small window of stability for CZTS and CZTSe.
129, 130

 The stability region is particular narrow along the 

Zn axis, with ZnS or ZnSe easily precipitating out. Along the Sn axis, Cu2SnS3 and Cu2SnSe3 are the 

most stable tin-rich phases near the stability windows. Given the small composition window of cation 

ratios where pure CZTS and CZTSe exist, identification of binary and ternary impurities and achieving 

the desired cation ratios is of paramount importance.  
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2.3.1 Identification of Binaries and Ternaries 

Powder X-ray diffraction (PXRD) is the standard primary technique used to identify phases. PXRD is 

widely used for confirming the presence of the kesterite phase, and it may be used to identify binaries 

such as CuS, Cu2S, SnS, SnS2, and ternaries such Cu2Sn3S7, Cu3SnS4, and the associated selenides
131, 132

 

However, PXRD alone cannot exclude the presence of the stannite and PMCA structures and some 

common binary/ternary phases such as ZnS(e) and Cu2SnS(e)3 due to direct overlap of all four of the 

most intense x-ray diffraction peaks for each structure, the (112), (200)/(004), (220)/(024), and 

(312)/(116) of the kesterite structure.
131, 133

 

 

Raman spectroscopy has been touted as a promising technique that may be used to identify secondary 

phases such as Cu2SnS3, Cu4SnS4, ZnS, and the associated selenides.
131-137

 Khare et al. have calculated 

the lattice dynamics and Raman modes of CZTS and CZTSe using DFT and compared them to the 

experimental spectra.
134, 138 

They isolated the contributions of each atom to the phonon density of states 

(DOS) of CZTS, CZTSe, and alloys. The atom-resolved phonon DOS and Raman spectra for pure 

CZTS and CZTSe are shown in Figure 2.5. Additionally, they have shown that deconvolution of 

experimental CZTS and CZTSe Raman spectra based on the calculated spectra can quantify the 

coexistence of the kesterite and stannite phase within polycrystalline thin film samples,
134

 at least for 

pure sulfide and selenide materials. It is unlikely that this would be possible for sulfoselenides because 

of the peak shift with sulfur content. Due to their large band gap, the binary compounds ZnS or ZnSe 

can be difficult to detect using Raman spectroscopy. Previous work has shown that detection of ZnS 

phases is possible with UV (325 nm) but not visible (532 nm) laser excitation.
133

 However, because of 

the strong absorption of the laser light near the top surface, the sampled area may not be representative 

of the entire film. Sputtering through the film and measuring the Raman at different depths can make a 

more complete measurement, but this requires destroying the film. A way to precisely identify 

secondary phases using non-destructive techniques would be preferable, and may eventually be 

important for inline process control and deposition monitoring. Developing non-destructive means to 

detect ZnS(e) phases is especially important because Zn binaries are the most prevalent secondary phase 

under Cu-poor/Zn-rich processing conditions, which thus far have yielded the most efficient devices 

(see sections 4.2 and 4.6).  

 

While not as convenient or widely accessible as X-ray diffraction or Raman scattering, synchrotron 

based X-ray absorption techniques are useful for the identification of binaries in the kesterite system. X-

ray absorption near edge structure (XANES) can be used to probe the average local structure around a 
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element. The XANES profile for CZTS cannot be reconstructed through a linear combination of 

secondary phases, which allows the method to be used to identify secondary phases. By looking at the 

sulfur K-edge absorption, it is possible to determine the volume fraction of CZTS and ZnS because both 

materials have the equivalent number of sulfur anions per volume and comparable lattice constants. 

Reports have claimed that it is possible to determine ZnS impurities to at least 3% by volume,
139

 and the 

technique has already been used to unravel some properties of CZTS devices (see section 6.2). 

 

 

Figure 2.5 Raman spectra of CZTS (a) and CZTSe (b). Experimental data (filled triangles) are 

shown with peaks calculated assuming purely kesterite material. Atom-resolved phonon densities of 

states for CZTS (c) and CZTSe (d). Reproduced from Khare et al 
134

 

2.3.2 Stoichiometry of the Kesterite Phase 

Small variations in the elemental ratios can have significant impact on the electronic and optoelectronic 

properties of chalcogenide semiconductors (see Chapter 6). It is now well established that Cu-poor/Zn-

rich films produce the most efficient devices. The first study to investigate the effect of stoichiometry on 

CZTS device performance was by Katagiri et al.
140, 141

 They found that the highest efficiencies (5-6% 

range) were clustered in a narrow band around cation ratios Cu/(Zn+Sn) = 0.8, Zn/Sn = 1.2, and 
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Cu/Sn=1.9.
140, 141

 Since the initial studies by Katagiri et al., several additional studies have 

investigated the effect of composition on CZTS and expanded the work to include both CZTSe and 

CZTSSe,
142

 including one by this author (see Chapter 6).  

 

In agreement with the early work by Katagiri et al., these studies have found that the best kesterite 

devices (S or Se) are made under Cu-poor/Zn-rich conditions near Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2. 

Absorbers grown with compositions so far from stoichiometric undoubtedly contain secondary phases 

due to the narrow range of phase stability for kesterite, but due to the difficulties identifying and 

quantifying secondary phases (refer to Chapter 2.3.1), it is not practical for most research labs to 

routinely measure the exact composition of the kesterite phase. Therefore, the reported cation ratios 

simply reflect the overall average composition of the film, not the composition of the kesterite phase.  

Using combinatorial experiments, Collord et al.
142

 have shown that the dominant factor influencing the 

optoelectronic properties of CZTSSe is the Cu-content. From stoichiometric, as the Cu-content is 

decreased both the band gap and the quasi-Fermi level splitting (QFLS) increase. By normalizing the 

QFLS to the maximum theoretical QFLS for the band gap (QFLS
SQ

), they were able to show that the 

improvement in optoelectronic quality with decreasing Cu-content saturates near a bulk composition of 

Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2. Additionally, they showed that despite large changes the other 

optoelectronic properties, the magnitude of sub-band gap absorptivity does not change significantly. 

This means that the defects responsible for causing electrostatic potential fluctuations are highly 

favorable and will be difficult to eliminate. 

 

Band edge fluctuations may occur in kesterite devices as a result of both electrostatic potential 

fluctuations and band gap fluctuations. As discussed above, Collord et al. have shown that the bandgap 

of CZTSSe increases with decreasing Cu-content,
142

 and a similar effect has been shown for CIGSe.
143

 

In addition, local variation in the S/Se ratio may also lead to variation in the bandgap. Minimizing 

spatial variations in elemental ratios is important because the resulting bandgap fluctuations reduce the 

open-circuit voltage. A variety of complementary methods are available for quantifying elemental ratios 

in CZTSSe (particularly the cations). The most often cited are electron dispersive X-ray spectrometry 

(EDS, EDX, or EDAX), secondary ion mass spectrometry (SIMS), and Auger electron spectrometry 

(AES). Quantification of the anions (the sulfur and selenium) by x-ray emission techniques is 

complicated by the low atomic number of sulfur as well as the overlap of the sulfur K emission line with 

the L line of molybdenum.
144, 145

 However, the locations of the XRD peaks can be utilized for 

determining the S/(S+Se) ratio of the material assuming Vegard’s rule applies for lattice parameter 
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shrinkage due to increasing sulfur content.
28, 95, 146, 147

 Caution should be exercised when comparing 

composition measurements from techniques with differing degrees of surface sensitivity, because the 

surface may have quite different stoichiometry than the bulk. 

2.3.3 Tin Loss and Kesterite Equilibrium with Binary Phases 

Tin vacancies (VSn), copper on tin site defects (CuSn), and defect complexes such as [CuZn+SnZn] create 

deep energy levels in both CZTS and CZTSe. The levels are beyond the electron demarcation energy 

and thus will facilitate non-radiative recombination (see section 5.3 below). As a result, they can be a 

serious detriment to device performance. A first principles study has found that the VSn defect has a 

relatively high formation energy in Cu-poor materials (1.77 eV for CZTS and 2.51 eV for CZTSe),
148, 

149
 and therefore, it should not readily form.

130
 However, early on it was realized that the Sn content of 

films deposited using vacuum-based processes decreased with increasing substrate temperature. Using 

in situ XRD and XRF, Weber et al. found that the evaporation of SnS under vacuum was responsible for 

the changes in composition at high temperature.
150

 Later, Redinger et al. showed that the evaporation of 

SnS leads to the decomposition of the CZTS absorber layer into ZnS and CuxS.
69

 However, they showed 

that by maintaining a sufficiently high partial pressure of the volatile species the decomposition can be 

prevented. This was be achieved by providing additional SnS and was shown to lead to a dramatic 

improvement in device performance.  

 

Both Redinger and Weber attributed the decomposition of CZTS to be a direct result of the high vapor 

pressure of SnS. However, Scragg et al
151

 noted that the vapor pressure of sulfur at the same 

temperature is 6 orders of magnitude larger than SnS. To explain the observed Sn-loss from CZTS 

films, they experimentally tested two different kinetic models: a single step and a two-step 

decomposition reaction. They found that a single step, in which SnS is directly lost from CZTS, was 

insufficient to describe the observed reaction kinetics. However, the process is well described by a 

decomposition step followed by a reversible SnS desorption step.  

𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4(𝑠) ⇌ 𝐶𝑢2𝑆(𝑠) + 𝑍𝑛𝑆(𝑠) + 𝑆𝑛𝑆(𝑠) +
1

2
𝑆2(𝑔) 

𝑆𝑛𝑆(𝑠) ⇌ 𝑆𝑛𝑆(𝑔) 

Thus, the instability of CZTS at high temperatures is a direct result of Sn multi-valency and the fact that 

Sn(II) is only slightly less favored than Sn(IV). To ensure stability of CZTS at high temperatures, the 

authors calculate that the sulfur partial pressure must to be greater than 2.3 x 10
-4

 mbar and that the 

product of the partial pressures of SnS and S2 (pSnS(pS2)
1/2

) 
 
has to be greater than 3.8 x 10

-5
 mbar

3/2
. This 
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work has since been extended to produce a thermodynamic model for predicting phase stability of 

multinary semiconductors during thermal annealing. Using an equivalent binary model Scragg et al
152

 

calculated that material losses in CIGSe should be small, but a similar decomposition reaction should 

occur in the selenide (CZTSe) as well. Further, because the reduction of SnSe2 by Mo has a large 

negative free energy, the formation of MoSe2 is expected to be much more favorable in CZTSe than in 

CIGSe. This could explain the large MoSe2 layers observed in devices.
153

 It could also mean that Mo 

may not be a suitable back contact for CZTS(e). The authors also evaluated the compound Cu2ZnGeSe4 

and predicted it should be significantly more stable than CZTSe. CZGSe has less favorable (more 

positive) free energy change with reduction from GeSe2 to GeSe, so the extent of decomposition 

calculated to be only 0.1% of that for CZTSe. Ge-containing compounds are also predicted to form a 

more stable interface with Mo than CZTSe, though still significantly less stable than CIGSe. 

Experimental results appear to support the prediction that the Mo/CZTS interface is not stable during 

annealing. Significant quantities of the decomposition products Cu2S, ZnS, and SnS were observed on 

delaminated films and cross sections that were annealed without excess sulfur.
154

 This body of work has 

already proven to be very useful and will undoubtedly be important in further development and 

optimization of kesterite-based solar cells as discussed in Section 6. 

 

2.4 ELECTRONIC AND OPTICAL PROPERTIES 

I2-II-IV-VI4 kesterite structure CZTS and CZTSe are direct bandgap compound semiconductors that 

have a lot in common with I-III-VI2 chalcopyrite structured CIS and CISe. Much can be learned about 

the electronic structure and defect chemistry of kesterites by comparison with their chalcopyrite parents. 

In addition to being structurally derived from the chalcopyrite (they are identical except the Group II 

and Group IV elements of the kesterite are ordered and reside on the Group III sites of the chalcopyrite), 

there are significant electronic similarities. All measurements of carrier type have shown CZTS and 

CZTSe to be p-type semiconductors, most likely doped by partially compensated native point defects 

(just as in CIS and CISe). Both CZTSSe and CIGSSe have advantages over other compound 

semiconductors, such as favorable native defect chemistry, but they also exhibit significant challenges 

like electrostatic potential fluctuations and absorber heterogeneity. Given the similarity of the two 

semiconductors, researchers often look to the more studied CIGSSe as a starting point for understanding 

the optoelectronic properties of CZTSSe.  
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2.4.1 Electronic Structure 

The common Cu cation endows both the kesterite and chalcopyrite with similar electronic properties. 

Half of the bonds in each are Cu-chalcogen bonds that have high ionicity due to the weakly bound d-

electrons of Cu.
155

 This makes both the kesterite and chalcopyrite significantly more ionic than the III-V 

semiconductors like GaAs and II-VI semiconductors like ZnSe. Ab initio calculations show that the 

valence band maxima in both I-III-VI2 and I2-II-IV-VI4 compounds are dominated by p-d orbital 

coupling between the group-I cation and the group-VI anion.
119, 121, 149, 156, 157

 The group II, III, and IV 

atoms do not significantly contribute to the density of states near the valence band maximum (VBM). 

As a result, variation of these elements leads to only minor shifts the VBM, and any bandgap changes 

are due mainly to movement of the conduction band minimum (CBM). In I2-II-IV-VI4 kesterite 

structures like CZTS, the CBM is dominated by the anti-bonding state of the Group IV cation s- and the 

group VI anion s-orbitals. The group II cation states do not play a significant role in the density of states 

near either band extrema
119

 (at least for the case of Zn in CZTS). In both chalcopyrite and kesterite 

compounds, decreases in the bandgap from substituting Se for S are the result of shifts to both the CBM 

and VBM. In I-III-VI2 chalcopyrites, the CBM and VBM shift almost equally (VBM: +0.28 eV, CBM: -

0.21 eV)
158

. In contrast, in I2-II-IV-VI4 kesterites the CBM down-shift is more prominent (VBM: +0.15 

eV, CBM: -0.35 eV).
159

 Compared to similar compounds, such as II-VI’s, the shift in VBM resulting 

from anion substitution is small because strong Cu-S p-d hybridization pushes the VBM of the sulfide 

up relative to that of the selenide. 

 

Both calculations and experiments generally agree that the bandgap of the pure sulfide CZTS and the 

pure selenide CZTSe are about 1.46 eV and 0.94 eV, respectively.
119, 121, 160

 Electroreflectance 

measurements (one of the most accurate methods of bandgap determination) has been applied to single 

crystals to determine the bandgap as a function of S/(S+Se) in the sulfoselenide, Cu2ZnSn(Sx,Se1-x)4. 

The measurements
118

 were combined with the other recently reported single crystal and thin film 

bandgap data
146, 161

 and fit by least-squares to find the following expression for the bandgap of the entire 

spectrum of sulfoselenide compounds:
118

 Eg(x) = 1.46x + 0.94(1-x) – 0.08x(1-x), where the third term 

accounts for bowing (with a 0.08 eV bowing parameter). Note that the bowing parameter is small, but 

still it is an order of magnitude larger than that for CuIn(Sx,Se1-x)2 (reported to be 0.005 eV).
162

  

 

Values of the dielectric constant have been measured on CZTSSe using both spectroscopic 

ellipsometry
163

 (from 10
14

 to 10
15

 Hz) and impedance spectroscopy
164

 (from 10
2
 to 10

6
 Hz). However, 

because the “dielectric constant” is actually a frequency-dependent function the techniques are 
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complimentary but not comparable. Impedance measurements can be used to approximate the value 

at low frequency (static dielectric constant), while spectroscopic ellipsometry can be used to 

approximate the value at high-frequency (optical dielectric constant). Ab initio methods predict that the 

average (transverse and longitudinal) optical dielectric constants of CZTS and CZTSe are about 7.1 and 

9.0.
165

 These values compare favorably to those of CISe and CGSe at 8.0 and 7.8.
165

 They also compare 

well to values determined experimentally on CZTS and CZTSe thin films at 7.1 and 9.2 (taken from the 

low energy limit of the dielectric spectra).
163

 Similar measurements on CISe, CGSe, and CdTe have 

yielded values of 8.4 
166

, 7.5 
166

, and 7.3 
167

, respectively.  

 

Impedance measurements on CZTSSe thin films with varied sulfur/selenium content found values of the 

low-frequency dielectric constant of approximately 7 for the pure sulfide increasing to over 8 with 

increasing selenium content.
164

 These values are significantly lower than the values obtained for CISe 

and CIGSe, which range from 9.8-13.6.
168

 These values are estimated from the high-frequency plateau 

in the measured capacitance at temperatures where dielectric freeze-out of the acceptor states is 

observed (about 10
6
 Hz). The admittance-derived values for the chalcopyrite materials are much higher 

than those reported for CZTSe and also much higher than the calculated optical dielectric constants for 

CISe and CIGSe. The reason for this discrepancy is unclear, though one possible explanation is that 

there is an unresolved capacitance step at frequencies between 10
8
 and 10

14
 Hz in CIGSe. Such a high 

frequency step could result from dipoles due to defect-clusters.  

 

 

Figure 2.6. Germanium substitution for tin in CZTS nanocrystals. Left: Effect of Ge addition on 

absorption behavior. Right: Cation ratios in CZTGS nanocrystals as determined by EDS. 
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2.4.2 Alloying and Cation Substitution 

Gallium substitution in CuInSe2 (substituting Ga on the In site to form Cu(In1-x,Gax)Se2 where x is 

around 0.3) yields better optoelectronic properties (lower concentration of the so called “N2” defect 

observed in admittance spectroscopy) than either pure In or Ga variants, CuInSe2 or CuGaSe2.
169

 Even 

within the same absorber layer, gradients of cation ratios may be used to create gradients in the band 

edges that direct minority carriers away from high recombination interfaces or increase the bandgap at 

the p-n junction to boost voltage. Both approaches are employed in the highest efficiency CIGSe 

devices that utilize a double graded Ga profile.
170

 

 

The first attempt to develop a CZTSe-based chemistry with similar tunability of the bandgap via cation 

substitution was conducted by Ford et al.
30

 While it is common to be able to adjust bandgap in 

compound semiconductors, it is more challenging to do so and retain good optoelectronic properties. 

Germanium alloying was selected based on a hypothesis that it could have similar effects to gallium 

alloying in CIGSe. Given that valence band maximum in both kesterites and chalcopyrites is dominated 

by the Cu-3d and chalcogen-4p it is unlikely that the valence band edge would shift substantially and 

more likely that the conduction band minimum would shift up. This hypothesis is supported by the ab 

initio calculations of Chen et al.
159

 and Zhang et al.
171

 Experimentally, Ford et al. has shown that by 

substituting Ge for Sn in CZTS (forming Cu2Zn(Sn1-yGey)S4) the bandgap may be continuously varied 

between about 1.45 eV (CZTS) and 1.94 eV (CZGS). Similarly, Collord et al. have shown that in the 

selenide system, the bandgap can be continuously varied from about 1.0 eV to 1.45 eV. Devices 

utilizing Ge-alloying have not yet reached efficiencies as high as pure-Sn devices, but have 

demonstrated very promising open-circuit voltages, and with further study may eventually help push the 

record efficiency even higher (see Chapter 7).  Thus far germanium devices have been reported with 

efficiencies of 8.4% using nanocrystals;
172

 9.1% using hydrazine-based processing;
173

 10% using co-

evaporation;
174

 and 11.0% using molecular-inks (Chapter 7). These results demonstrate the viability of 

CZTGSSe materials and could open the door to using Ge to create conduction band edge gradients 

without degrading the optoelectronic quality.  

 

Other cation substitutions have also been investigated. A broad range of quaternary I2-II-IV-VI4 and I-

III-IV-VI4 compounds have been analyzed theoretically by Chen et al
159, 175, 176

 and experimentally by 

Matsushita et al
125, 177

. In addition, others have investigated partial substitution of Sn by Si
178

, Ge 
171, 173, 

178-180
, Pb

181
, and Ti

182
 as well as the substitution of Zn by Cd

136, 171
 or Fe.

183, 184
 Collord et al. have 

experimentally tested the incorporation of over 25 different extrinsic species (Chapter 8) as either 
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dopants or for alloying, including Si, Ge, Ni, Co, Fe, Cd, Ti, Hf, and Zr among others. Their results 

show that at relatively low concentrations the transition metals Co, Fe, and Ni are all highly detrimental 

to the optoelectronic quality of CZTSSe. This is likely because Fe, Co, and Ni have similar atomic radii 

and the proper oxidation state such that they may readily incorporate into the CZTSSe lattice on either 

Cu or Zn sites. Incorporating Ti, Zr, or Hf in the molecular ink had very little effect on the 

optoelectronic quality. This is likely because, as predicted by the theoretical work of Chen et al, the 

species do not form a stable quaternary compound. Further discussion is included in Chapter 8. 

 

2.4.3 Native Point Defects 

Thermodynamic modeling has indicated that VCu is the most readily formed native point defect in Cu-

poor CIGSe. It is a very shallow acceptor (0.03 eV above the VBM) and is responsible for the p-type 

character of these films. In addition, the InCu antisite defect forms readily (which is a deep level electron 

tap), but the compensation of these two oppositely charged defects results in the formation of a neutral 

defect complex,
185

  [InCu
+2

 + 2VCu
-1

]
0
, that is electrically benign. The free carrier density in good 

materials is on the order of 10
16

 cm
-3

 and is typically measured by various capacitance-voltage methods. 

Conventional capacitance-voltage profiling (and Mott-Schottky analyses) may yield an erroneous spatial 

distribution and an over estimation of the concentration of free carriers. However, drive-level 

capacitance profiling (DLCP) yields much more reliable data, free from the effects of interface 

defects.
186

 Deeper level bulk defects and the energetic distributions of defects are typically studied by 

either admittance spectroscopy (AS), in which the capacitance as a function of frequency at varying 

temperatures is analyzed) or temperature-dependent DLCP, in which the capacitance is measured at 

various values of constant total bias (DC + AC) at different temperatures. The most commonly seen 

defect levels in CIGSe films are located at about 0.15 and 0.3 eV and have been dubbed the N1 and N2 

defect, respectively.
187

 The position of the N2 defect increases with the S/(S+Se) content in the film.
188

 

The density of N2 defects has been anti-correlated with device performance and is generally not 

observed using AS on devices over ~15% efficient.
189, 190

 It has been suggested that chalcopyrites may 

suffer from the formation of intrinsic DX-like centers deep within the gap that eliminate free 

electrons.
191

 These centers arise from a Gai and VCu Frenkel-like defect pair. 

 

In the kesterite structure, first principles calculations predict that unlike chalcopyrite CIGSe where the 

dominant acceptor is VCu, the defect with the lowest formation energy in CZTS and CZTSe is the CuZn 

antisite defect. The CuZn defect is a deeper acceptor than VCu with values of 120 meV CZTS and 90 
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meV for CZTSe. Due to a negative formation energy, it is expected to form in large quantities.
130, 192

 

The depth of the CuZn acceptor level must be kept in mind when performing temperature dependent 

measurements such as IVT or admittance, as carrier freeze will lead to increasing series resistance. For 

admittance measurements, Weiss et al have shown that the increased series resistance will lead to a 

capacitance step in the C-f profile which must be properly accounted for.
193

 The shallow acceptor VCu is 

also present in CZTS and CZTSe and is believed to play an important role in defect compensation. 

Other native point defects such as VSn, CuSn, SnCu, and VS or VSe yield deep level states that will 

negatively impact the device performance, but are calculated to have higher formation energies.  

 

As in CISe, defect complexes may also form in CZTS and CZTSe. Chen et al.
194

 used first principles 

calculations to determine the formation energy and concentration of both individual defects and defect 

complexes at different points within the stable chemical potential region. The most favorable defect 

complexes include the fully compensated [VCu
-
 + ZnCu

+
], [2ZnCu

+
 + ZnSn

-2
], [2CuZn

-
 + SnZn

+2
], and the 

partially compensated [CuZn
-
 + SnZn

+2
]. The former two species have band edge positions close the those 

of CZTS/CZTSe, and therefore will not act as strong recombination sites. The latter two are expected to 

be produce strong recombination sites and electron trapping. In both the sulfide and the selenide, the 

partially compensated [CuZn
-
 + SnZn

+2
] complex is calculated to produce a state about 0.8 eV above the 

VBM, while the fully compensated [2CuZn
-
 + SnZn

+2
] complex significantly narrows the bandgap. Both 

defects are present at higher concentrations in the selenide than the sulfide, but because the levels are 

shallower they are expected to be less detrimental. Experimental work appears to be mostly consistent 

with these calculations. Thus far the most efficient devices are those made Cu-poor, Zn-rich, chalcogen-

rich. Such processing conditions favor the formation of VCu over CuZn and the relatively benign charge-

compensated defect clusters [VCu
-
 + ZnCu

+
] and [2ZnCu

+
 + ZnSn

-2
], while suppressing the formation of 

detrimental defects such as SnZn, SnCu, CuSn, VS or VSe, the partially compensated defect cluster [CuZn
-
 + 

SnZn
+2

], and the fully charge compensated defect cluster [2CuZn
-
 + SnZn

+2
].

194-196
 

 

Measurements on relatively efficient CZTS and CZTSe devices have found carrier concentrations 

around 10
16

 cm
-3

 and a dominant defect level near 120 meV, which can nominally be attributed to the 

CuZn antisite defect,
164, 197-200

 though several other defect levels have also been reported. Three reports 

have found a lower energy defect level: in CZTS near 40 meV
198, 201

 and in CZTSSe at 70 meV,
197

  

which are higher than the expected VCu defect level (20 meV). Kask et al. also reported a defect at 167 

meV in CZTS “monograins” but attributed it to an interface state because it varied between devices and 

its activation energy was dependent on the applied bias.
199

 Gunawan et al. looked at the defect energy 
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level as a function of S:Se ratio and found a dominant acceptor level that increased with bandgap 

from 130 to 200 meV.
164

 A similar study by Duan et al,
200

 also using hydrazine processed absorber 

layers, found defect levels which increased with the S/(S+Se) ratio from 134-183 meV as the ratio was 

ranged from 0.35-1. Using DLCP, they also found that the trap density and carrier concentration 

increased with sulfur content while efficiency decreased. Additional characterization of devices with 

varying S:Se ratio has been performed by Miller et al. using transient photocapacitance.
202

 They 

observed Urbach tails with increasing Urbach energy with increasing sulfur content from 13 meV for 

the pure selenide to 31 meV for the pure sulfide, suggesting that the degree of alloy disorder increases 

with band gap. In addition to the tail states, they also observed a deep level defect centered about 0.8 eV 

above the valence band maximum in all devices. This defect may very well result from the complex 

[CuZn
-
 + SnZn

+2
] as predicted by Chen et al. Admittance spectroscopy measurements have also been 

applied to Cu2Zn(Sn1-yGey)(SxSe1-x) alloys. Moore et al. reported defect levels that varied from 70 to 53 

meV and from 106 to 170 meV as y increased from 0 to 0.5.
197

  

 

 

Figure 2.7 Native point defect energy levels from ab initio calculations for CZTS (left, reproduced 

from Walsh et al.
130

) and CZTSe (right, generated from reported data
149

). 

 

Steady-state photoluminescence (PL) is a powerful tool to examine defects. The technique has 

traditionally been applied when narrow peaks are observed that can be traced to specific transitions such 

as band-band (BB), band-impurity (BI, also referred to as free-bound, FB, transitions by some authors), 

and donor-acceptor (DA) transitions as well as those involving excitions.
203

 When CIGSe materials are 

made copper-rich (bad for PV), the low-temperature PL shows narrow peaks.
204-206

 However, for 

copper-poor conditions, the PL is observed as a broad peak for both chalcopyrites as well as kesterites. 

There have been several studies investigating defect levels in kesterites using PL. Hönes et al. observed 

narrow DA transitions at 1.475 eV and 1.496 eV, an excitonic transition at 1.509 eV, and a broad peak 

at 1.33 eV in the 10K PL spectra of Cu-rich and Sn-poor CZTS single crystals.
207

 The DA transitions 
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were associated with a donor state 5 ± 3 meV below the conduction band and an acceptor states 30 ± 

5 meV and 10 ± 5 meV above the valence band, respectively. These values are surprisingly low since 

the lowest energy acceptor expected under the growth conditions is predicted to be a CuZn defect at 

110meV and the shallowest donor a SnZn at 20meV. However, the observation of relatively narrow 

peaks at high energy is intriguing because other reports looking at stoichiometric single crystals only 

found the broad transition near 1.3 eV. For example, both Tanaka et al.
208

 and Levcenko et al.
209

 have 

examined stoichiometric near CZTS single crystals grown by iodine vapor transport. They both 

observed a broad peak (~200 meV FWHM at 300 K) centered about 1.29 eV that did not shift 

significantly with excitation power or temperature. The integrated intensity was found to increase with 

excitation power and the peak exhibited an asymmetric shift leading Levcenko et al. to attribute the 

peak to a free-bound (FB) transition with an activation energy of 140 meV. This value is consistent with 

those determined from capacitance-based measurements and near the expected value for the CuZn anti-

site defect. Other publications have reported DA pair transitions with energy near 50 meV on S-poor 

single crystals,
208

 stoichiometric thin films,
198

 and Cu-poor thin films.
207

 These values agree with what 

is expected for a VCu. Surprisingly, despite a significant number of studies investigating the PL 

properties of kesterite crystals, no authors have yet observed deep defects using PL, and no authors have 

reported the quasi-Fermi level splitting (QFLS) from a single crystal sample. The value of the QFLS 

could be very enlightening, particularly if it deviated significantly from the values typically observed in 

device-quality thin films. 

2.4.4 Grain Boundaries 

One of the most important and fascinating properties of good polycrystalline semiconductors for 

photovoltaics (CIGSe and CdTe) is the relative benign electronic nature of their grain boundaries (the 

interface between two crystalline domains, or grains, within the film). In the classical picture, grain 

boundaries (GBs) are regions of discontinuity where charged defects and strained or dangling bonds 

exist. These features typically create energy levels within the bandgap that can capture photogenerated 

electrons or holes, impede transport, and facilitate recombination. In Si and GaAs GBs can be 

catastrophic to electronic properties and must be passivated or eliminated to make efficient devices. 

However, in CdTe, CIGSe, and CZTSe this is not the case. In fact, polycrystalline chalcopyrite and 

kesterite devices have outperformed single crystalline cells. Although, the exact nature of the grain 

boundaries in CIGSe is still a matter of debate, much can be learned about kesterite GBs by drawing on 

the vast body of literature that exists for chalcopyrites. Two reviews on grain boundaries in CIGSe
210,211

 

help set the stage for understanding CZTSe and CZTS. In the section below we will first briefly review 
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the models that have been developed to explain the observed behavior in chalcopyrites and then 

highlight the few existing studies on kesterites.   

 

Grain Boundaries in Chalcopyrites. It is clear from experiments that GB boundaries are not highly 

detrimental to CIGSe performance, particularly for low Ga content and if the GBs are predominantly 

oriented through the thickness of the film.  Two conceptual models have been proposed to understand 

this serendipitous property. One model
212

 invokes a neutral grain boundary that is a barrier to holes and 

has little effect on the minority carrier electrons, while another model
213, 214

 invokes a positively charged 

GB that both reflects holes and collects electrons. We will refer to these as the Neutral Hole Barrier 

(NHB) and Positive Electron Acceptor (PEA) grain boundary hypotheses. They are illustrated 

schematically in Figure 2.8 and briefly summarized below. 

 

Neutral Hole Barrier (NHB) Model. Experimentally it has been shown that the majority of CIGSe GBs 

are (approximately) Σ3 twins.
215

 Perfect twins are a special type of boundary that have strong 

congruence between the lattices of the intersecting grains. As a result the twin boundary has typically 

has low strain, few dangling bonds, and does not create states in the bandgap. For CISe, the most stable 

surface has been calculated to be the (112) polar surface.
216

 Based on this, Persson and Zunger proposed 

the presence of a neutral hole barrier at the GBs which are assumed to be Cu-poor.
212, 217

 Their argument 

is as follows: the valence band maximum (VBM) of CISe is comprised of Cu-3d and Se-4p orbitals, and 

the repulsion between these orbitals pushes the VBM to higher energies inside the grain. However, at a 

Cu-poor GB, the valence band can locally relax to lower energy. This is proposed to occur since Cu-

vacancies have low formation energy both in the bulk and at (112) surfaces.
192, 216, 218

 Using ab initio 

calcuations on a polar (112) surface, they showed that the Cu-vacancy reconstruction always depresses 

the VBM at the GB creating an effective hole barrier. Furthermore, the beneficial nature of Na was 

explained through the action of NaCu defects. Na lacks d-orbitals, so the valence band will be dominated 

by the chalcogen p-orbital and thus fall to a lower absolute level as with VCu. There have been multiple 

experimental reports that support the NHB model.
219-224

   For example, Hetzer et al. performed a study 

on CIGSe samples grown at NREL and cleaved in ultrahigh vacuum. From AES they determined that 

the copper content at the GB was decreased relative to the grain interior by as much as a factor of 2. The 

work function, extracted from SET measurements, shows that the valence band at the GB is decreased 

by several hundred meV relative to the grain interior. CL measurements performed on adjoining grains 

and their common boundary showed very little difference, indicating that radiative recombination sites 

were not present despite the high concentration of defects. In addition, Hafemeister et al. grew bicrystals 
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of CuGaSe2 with a single neutral Σ3 grain boundary or a charged Σ9 grain boundary. They modeled 

charge transport in both types of GBs and found that a small, narrow, neutral hole barrier was necessary 

to explain experimental data for both the Σ3 and Σ9 samples.
224

 However, it must be noted that these 

bicrystals were grown under Cu-excess. Crystals grown under Cu-poor conditions could vary 

significantly since the barrier is associated with Cu-vacancies. 

 

Postive Electron Acceptor (PEA) Model. On the basis of Kelvin Probe Force Microscopy (KPFM), Yan 

and colleagues proposed that the GBs in CISe and CIGSe have positively charged grain boundaries, and 

thus there is a built-in potential that acts to attract minority carrier electrons and repel holes.
213, 214

 A key 

feature of this model is that it suggests that vertically oriented GB boundaries may serve as a conduit for 

electrons to the n-type material. This model has been examined experimentally and theoretically. Yan et 

al.
213

 have pointed out that the structure of the (112) polar surface is different from the structure of the 

(112) polar GB. The surface terminates with either a cation or anion layer that is charge imbalanced and 

therefore energetically unstable which is why the surface forms Cu-vacancy rows. Yan points out that 

the atoms at the GB do not simply terminate. The cations are still bonded to Se atoms on the other side 

of the boundary and therefore do not experience the same driving force for reconstruction. Using high 

resolution z-contrast imaging and nanoprobe EDS they did not find any significant Cu deficiency or Cu-

vacancy rowsin the (112) or any other boundary. More recently, Yan et al. examined dislocation cores 

in CISe films using DFT.
214

 They found that CISe grain boundaries were likely to be electrically benign 

due to atomic relaxation of bonds near defects, which resulted in low density of states of mid-gap 

energy levels. Experimental support for this hypothesis has been provided by Moenig et al.
225

 This 

dearth of deep trap states contributes to the neutral character of grain boundaries and would suggest a 

low rate of non-radiative recombination at grain boundaries. However, Yan et al. also conclude that Na 

inclusion is likely to occur at grain boundaries, and that Na atoms can occupy interstitial sites and act as 

shallow donors. This would lead to a local positive charge at the GBs. They confirm this through KPFM 

and show that CISe films grown on borosilicate glass have neutral grain boundaries while those grown 

on SLG have positively charged grain boundaries.
214

  

 

As it stands there are at least two competing models (the NHB and PEA models) for the behavior of 

CISe and CIGSe grain boundaries, and both are supported by some first-principles explanations and 

experimental evidence. Unfortunately, neither model has yet been able to completely explain the many 

different results found experimentally. The shortcomings of these models could simply be due to the 

added complexities of extrinsic passivation and contamination below detectable limits, the different 
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processes by which the samples are prepared or it could signify that there are essential phenomena 

that are not being considered. Before proceeding to discuss kesterites, it is important to note that in 

addition to Na, other extrinsic passivation mechanisms have also been proposed to passivate 

chalcopyrite GBs. Early in the development of CISe it was realized that a post deposition air-annealing 

could be used to improve device performance. It has been hypothesized that the dominant defect at 

CIGSe GBs is the positively charged Se vacancy, which can be passivated by oxygen.
226

 Oxygenation 

of the films results in three effects: passivation of Se-vacancies, elimination of charged defects at the 

CdS/CIGSe interface, and Cu-removal from grain boundaries.
227

 The first effect is beneficial for 

devices, the latter two are not. However, the unintended coupling of Na-incorporation and CBD of CdS 

was shown to isolate only the beneficial effects of oxygenation;
227

 Na acts to promote the oxygenation 

of VSe, passivating GBs and minimizing Cu-loss during CBD, while CBD restores the CIGSe/CdS 

interface charge. The remainder of this section will examine experimental studies on kesterite grain 

boundaries, their relation to the above theoretical models, and the behavior observed in CIGSe.  

 

 

Figure 2.8 Schematics illustrating the proposed (a) Neutral Hole Barrier (NHB) and (b) Positive 

Electron Acceptor (PEA) grain boundary models.  

 

Given the utility of KPFM in CIGSe GB studies, two groups have examined the grain boundaries of 

kesterite materials using KPFM. Li et al. examined CZTS (with a power conversion efficiency of 

3.37%) and CZTSSe (with a PCE of 7.75%) thin films deposited on Mo/SLG through sputtering 

alongside high performance CIGSe films from NREL.
228

 They found surface potentials for all three 

materials with average values of approximately 150, 200, and 120 mV for CIGSe, CZTS and CZTSSe, 
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respectively. The value they obtain for CIGSe is in the range commonly reported
210

 and agrees with a 

previous report by Jiang et al. on a similarly prepared film.
229, 230

 The surface potentials observed 

correspond to a downward bend in the energy band diagram, and thus the GBs should attract the 

minority carrier electrons and repel holes. Jeong et al. also reported higher surface potentials at CZTSe 

GBs using KPFM.
231

 They examined films co-evaporated on Mo/SLG with 3 different compositions and 

found that the surface potential varied with composition. In the same study, Li et al. also used 

conductance-AFM to measure the passage of photocurrent in their films. They found increased current 

at the GBs and that the GBs may act as channels for current flow, see Figure 2.9 for the topography, 

surface potential, and local current images for CIGSe, CZTS, and CZTSe. These results more strongly 

support the PEA model and further more suggest that the qualitative nature of the GBs may be very 

similar in CIGSe, CZTS, and CZTSe. The electronic similarity is further supported by Oo et al.
75

 who 

used electron backscatter selected-area diffraction (EBSD) to determine that the majority of CZTS grain 

boundaries are Σ3 twins, which is the same structure found in chalcopyrites.  

 

Figure 2.9 Topography (AFM), surface potential (KPFM), and electrical current maps of CIGSe, 

CZTS, and CZTSSe. The brighter areas in the surface potential maps indicate decreased work function, 

and can be attributed to positively charged grain boundaries. Reproduced from Li et al.
232
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Cathodoluminsecence has also been used to examine CZTS and CZTSe and compare them directly to 

CIGSe. Romero et al.
233, 234

 extended their previous CIGSe work
235

 to CZTS and CZTSe and observed a 

similar, though reduced, redshift at the grain boundaries of these kesterite materials. The CZTSe 

samples were synthesized using the same method that created the 9.15% efficient devices reported by 

Repins et al.,
236

 but the CZTS was significantly less efficient at only 2.3%. As can be seen in Figure 

2.10 the red-shift in CZTS is only a few meV and the emission spectrum is largely dominated by 

variation within the grain interior. In contrast, the magnitude of the redshift at the CZTSe GBs are near 

the same magnitude as those of the CIGSe (10-15 meV) though the CIGSe film has more grain 

boundaries with the red-shift. The difference between the CZTS and CZTSe results should not be too 

surprising (or given too much weight) given the stark contrast in device efficiencies. However, it is 

interesting to see that CZTSe again exhibits similar GB phenomena as CIGSe. The NHB model was 

invoked to explain the red-shift. However, it is not clear that the red-shift excludes the PEA model. 

Here, we propose that the red-shift could come from tunneling transitions from the CBM in the GB to 

the VBM adjacent to the GB but inside the grain interior. The same could be true if these are donor-

acceptor transitions as well. 

Some additional support for Cu-poor surfaces was recently reported by Bär et al.
237

 They employed a 

combination of XPS and x-ray AES (XAES) to investigate the formation of surface oxides in CZTS 

absorber layers. They found that exposure of the absorber layer to ambient air leads primarily to the 

oxidation of surface Sn species. Zn and S oxides were present to a lesser extent, but Cu-oxides were 

notably missing. By comparing surface-sensitive XPS to bulk-sensitive EDS, they deduced that the 

surface exhibits a significant enhancement of Zn and Sn species and a relative absence of Cu. They 

proposed that the surface is composed of a Cu-free, Zn-Sn species, such as ZnSnS3 or ZnS and SnS2. 

This behavior is analogous to the VCu surface reconstruction proposed by Persson and Zunger for 

CIGSe. However, the authors here did not invoke the NHB or PEA model. In contrast to similar studies 

performed on chalcopyrites, the authors did not observe Na-related peaks on the CZTS surface.  
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Figure 2.10 Cathodoluminescence images of CIGSe (left), CZTS (middle), and CZTSe (right) 

showing the energy shift of the CL emission peak. Note the distinct red-shift at grain boundaries in 

CIGSe. Reproduced with permission from Romero et al.
233

  

 

CZTSe GBs have also been examined with ab initio calculations. Li et al. have examined the structure 

and electronic properties of both CISe and CZTSe grain boundaries. By varying the positions of the 

constituent atoms they constructed four different GBs for CZTSe and two different GBs for CISe (Se- or 

cation-terminated). Upon relaxation of the CISe structure it was found that there was only one defect 

that formed states within the bulk band gap, a Se-Se anti-bonding state. The rest of the states were 

within the bulk bands, a result that qualitatively agrees with that of Yan et al
214

 despite differences in 

the calculation methods. However, for CZTSe, they found a relatively high density of defect states 

within the gap, and concluded that passivation techniques will need to be developed to improve the 

efficiency of CZTSe devices. One such passivation technique, is the growth under zinc-rich conditions 

which leads to precipitation of ZnS(e) at the grain boundaries. Mendis et al have used a 

cathodoluminescence-based technique to look at the surface recombination velocities of CZTS grain 

boundary hetero-interfaces with different secondary phases.
238

 Grain boundaries with CuxSnySz and ZnS 

precipitates showed reduced recombination velocities relative to the bulk, while grain boundaries with 

SnS showed much higher recombination velocities. For polycrystalline samples, the effects of Sn-rich 

grain boundaries can be mitigated by using a post-selenization/deposition air anneal.
239, 240

 The air 

anneal converts the SnS(e)x at surfaces and grain boundaries into SnOx which is believed to help 

passivate the grain boundaries and has been correlated with improved device performance.
 239
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In summary, KPFM, CL, temperature dependent conductivity measurements all show that the GBs in 

CZTSe have very similar properties to the GBs in CIGSe while the one density functional theory study 

of CZTSe suggests that there are some additional energy states in the bandgap, as compared to CISe. 

Some of these reports suggest a PEA model is appropriate for the kesterites while others are more 

suggestive of a NHB model. While we note that the samples were prepared in very different manners, it 

is possible that the NHB and PEA models provide limiting cases of, what in reality, may be a mixture of 

both phenomena.  

 

2.5 PHOTOVOLTAIC DEVICE FABRICATION AND PERFORMANCE 

Thre is a large and growing number of publications related to kesterite materials, and devices with 

efficiency greater than 6% have been achieved using a number of techniques, including hydrazine-inks 

85, 241, 242
, nanocrystal-inks,

30, 116, 180, 243
 electrodeposition,

244
 sputtering,

74, 232, 245
 co-evaporation,

77, 153, 236, 

246
 molecular inks,

247
 and monograin powders.

248
 However, unlike many other PV technologies the most 

efficient devices to date have been made via solution processing. The reason for this remains to be 

elucidated but it is likely a result of tin volatility. The performance parameters of several of these 

devices (and other top performing PV technologies) are reported in Table 1 where they are compared to 

their theoretical maximums. Below we review design principles for thin film photovoltaics and discuss 

the state-of-the-art with CZTS and CZTSe. 

 

TABLE 2.1 COMPARISON OF SELECTED PV TECHNOLOGIES TO THEIR THEORETICAL MAXIMUMS.   

Record Eg (eV)  (%) 
 

max 

JSC 
(mA/cm2) 

 JSC 
JSC,Max 

VOC (V) 
 Voc     

Voc,Max 
FF (%) 

  FF  
FF,Max 

GaAs 1.42 28.8 0.867 29.68 0.926 1.112 0.968 86.5 0.966 

CdTe 1.45 21.5 0.655 30.25 0.981 0.876 0.738 79.4 0.885 

x-Si 1.12 25.6 0.766 41.8 0.954 0.740 0.844 82.7 0.952 

CIGSe 1.10 21.7 0.657 35.4 0.828 0.747 0.868 79.3 0.913 

CZTSSe 1.13 12.6 0.376 34.5 0.812 0.460 0.579 69.8 0.800 

 

2.5.1 Device Structure and Design Rules 

There are several good texts for the device design and operation of solar cells.
249-252

 A recent and 

welcome addition to this body of literature is a text from Scheer and Schock
187

 that focuses on thin film 

chalcogenide photovoltaics, mainly CdTe and CIGSe, but much insight can be gained about CZTS and 
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CZTSe devices. Here we summarize some of the basic requirements for good solar cell performance 

and review the status of kesterite devices: 

 Bandgap well matched to the solar spectrum. Detailed balance calculations show that 

efficiencies greater than 30% are possible with bandgaps between 0.91 and 1.65 eV. The entire 

spectrum from x=0 to 1 of Cu2ZnSn(Sx,Se1-x)4 satisfies this metric. 

 Absorber layer thickness such that almost all photons greater than Eg are absorbed. The 

absorption coefficients for both CZTS and CZTSe are greater than 10
4
 cm

-1
,
121

 respectively. For 

photons of energy 1.05 Eg, the absorption lengths are just less than 1 µm. The optimum 

thickness can also be affected by the effective interfacial recombination velocity at the back of 

the device and the reflectivity of the back contact. 

 Good absorber optoelectronic quality. The majority carrier concentration and the minority 

carrier lifetime and mobility should be such that the depletion length plus the minority carrier 

diffusion length should be greater than the photon absorption length for near-bandgap-energy 

photons, Wdep + Ldiff > (1/α). There appears to be good prospects for this, particularly with 

absorbers that are rich in selenium. However, there are some issue controlling the doping 

concentration in CZTS. See section 6.2 for details on lifetimes, mobility, doping, and grain 

structure. 

 

All photovoltaic device reports for CZTS and CZTSe utilize the standard n-type window layer / n-type 

buffer layer / p-type absorber layer heterojunction architecture that is employed in the most common 

chalcogenide solar cells. The basic principle of the window/buffer/absorber structure is to pass as much 

light through the window and buffer layers into the absorber layer as possible and create a charge 

distribution such that the “built-in” electric field resides primarily in the p-type absorber layer. This 

creates a strong drift mechanism for carrier collection, but it also simultaneously moves the region of 

fastest recombination (where np even under low injection) away from the heterojunction interface 

where the concentration of defects can be high. In addition to guidelines 1-3 that apply to all 

conventional single junction solar cells, the following additional requirements should be met by devices 

with the window/buffer/absorber architecture:   

 Strong inversion region in the absorber near the pn heterojunction. Achieving this insures that 

the electric field resides predominately in the absorber and that the region of np is inside the 

absorber, away from the junction. Achieving strong inversion is most commonly achieved by 

asymmetric doping where the buffer layer is thin and depleted and the n-type doping in the 

window layer is at least 10 times larger than the p-type doping in the absorber layer. However, 
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interface charge and Fermi level pinning can interfere with this. With n-type window layer 

carrier concentrations typically greater than 10
18

 cm
-3

, the carrier concentration in the absorber 

should be between 10
15 

and 10
17

 cm
-3

. Even if strong inversion can be achieved with higher 

absorber carrier concentrations, carrier concentrations higher than 10
17

 cm
-3

 should be avoided 

since they lead to depletion layers that are too thin and enhanced recombination due to tunneling 

effects. Good efficiencies can in principle be achieved without strong inversion. However, they 

would require a very low defect material junction and high quality buffer layer material. As a 

result, the most success has been achieved by aiming for strong inversion to avoid both of these 

issues. 

 Good band alignment to the absorber layer. The two key places for good band alignment are 

typically the conduction band alignment between the absorber and buffer layers and the Fermi 

level alignment between the absorber and the back contact (see Figure 2.11). Modeling results 

have shown that the conduction band offset should be positive but less than about +0.3 eV.
253

 A 

“positive” offset means the buffer layer conduction band edge is higher than absorber layer 

conduction band edge. This situation is commonly referred to as a conduction band “spike” 

whereas the opposite case is referred to as a “cliff.” These terms are in reference to how the 

conduction band discontinuity may appear to a photogenerated electron in the absorber layer 

traveling into the buffer layer. The small positive offset helps support strong inversion in the 

near junction region of the absorber, but it does not significantly impede electron flow into the 

buffer layer until it become larger than +0.3 eV. Negative offsets tend to reduce inversion in the 

absorber and displace the ideal electric field into the buffer layer. See section 6.3 for details. At 

the back of the device, the barrier for hole flow due to misalignment of Fermi levels or 

compensation of dopants in the absorber should be small (0.3 eV),
187

 if present at all. See section 

6.4 for details about the back contact. 

 

There are also several other design strategies that may be used to enhance efficiency in kesterite solar 

cells. One involves forming a bandgap gradient in the absorber near the junction by decreasing the 

valence band edge towards the junction.
254

 This can help increase the open circuit voltage while 

preserving the photocurrent. The prospects for this approach are pretty good in the kesterite system. 

Alloying CZTSe with either sulfur or germanium can increase the conduction band minimum and direct 

minority carrier electrons towards the junction. This is particularly promising since good quality 

material can be formed up to band gaps of about 1.3 eV using when alloying with either sulfur or 

germanium (refer to Chapter 7). Another promising strategy involves forming a band gap gradient in the 
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absorber near the back contact by increasing the conduction band edge towards the back.
255

 This 

creates a so-called back surface field (BSF) that can help reflect minority carriers (electrons) away from 

the back interface. Again, the prospects for this approach are very promising in the kesterite system by 

exchanging lighter group IV elements onto the Sn site. The first steps towards this were recently shown 

by forming good quality devices with germanium substituted absorbers, Cu2Zn(Sn1-yGey)Se4.
30, 180

  

 

Beyond design guidelines, device stability is a major concern for all PV technologies. Devices need to 

maintain efficiency, losing no more than a percent or two (of their original power output) per year, for 

over 20 years. While CdTe and CIGSe devices do satisfy the minimum requirements, there are well 

known stability issues with back contact in CdTe solar cells
256

 (copper diffusion) and the front contact 

in CIGSe devices
257

 (stability to damp heat
258

). Recently, advances have been achieved in increasing the 

stability of the TCO in CIGSe by applying a final coating of SnO2 over the entire device (top contacts 

included).
259

  

 

 

Figure 2.11 Device structure and band alignment for CZTSe solar cells. The schematic shows a 

small positive conduction band offset (spike) and an ohmic back contact.  
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2.5.2 Absorber Quality 

The quality of the absorber layer is usually quantified in terms of the minority carrier lifetime, mobility, 

and carrier concentration. Typically reported values are from measurements that lack spatial resolution, 

and the values are average properties that result from numerous single-crystalline domains (with 

different size and perhaps with different defect concentrations and distributions), grain boundary 

properties, the tertiary grain structure, and any impurity phases that may have precipitated out.  

 

Mobility, Lifetime, and Carrier Diffusion Length. The mobility and lifetime of the minority carrier 

combine to yield the minority carrier diffusion length, (µτkT/q)
1/2

. This important parameter determines 

the carrier collection efficiency from the quasi neutral region of the solar and is typically on the order of  

2 μm and 1 μm in good quality CdTe
187, 260

 and CIGSe
187, 261

 devices, respectively. Measuring the 

mobility of the minority carrier directly is difficult, but in many cases, an estimate based on the majority 

carrier mobility is used. A list of Hall-derived properties for the majority carrier holes, including carrier 

densities and Hall mobilities, for various synthesis methods was compiled by Mitzi et al., with the 

sulfides ranging from 6-12 cm
2
/V·s and the selenide around 40 cm

2
/V·s.

66
 More recently, Tanaka et al. 

investigated the effect of stoichiometry, the Cu/(Zn+Sn) ratio, on co-evaporated films and found that 

that mobility decreased slightly with increasing Cu content (from 11 cm
2
/V·s to 0.3 cm

2
/V-s for ratios 

of 0.7 to 1.3).
262

 There has not been much work focused on minority carrier lifetimes thus far. There are 

only two reports of lifetimes in the literature, both used time-resolved  photoluminescence (TRPL). One 

is from hydrazine processed sulfoselenide absorbers Cu2ZnSn(SxSe1-x)4 A device with x=0.4 had a 

lifetime of 3.1 ns
241

 while that with x=0.03 had a lifetime of 12 ns.
86

 The other report is on devices with 

a sputtered selenide absorber layer in which the best devices had lifetimes up to 10ns.
263

 The latter 

report also found that the measured lifetime decreases over time when the sample is exposed to ambient. 

A variety of surface treatments were investigated, but the only one found to have significant impact was 

KCN etching which had a beneficial effect.  It is important to note that these lifetimes were for fully 

fabricated devices, not just the absorber layer. It has been shown previously that lifetimes can vary 

significantly depending on sample processing, with CIGSe absorbers coated with window and buffer 

layers exhibiting lifetimes an order of magnitude lower than that of the bare, un-degraded absorber.
264, 

265
 This has been attributed to the influence of charge separation due to the field created from the 

junction in a full device, and thus, the TRPL measured lifetime should be considered a property of the 

device, not the material alone. With these lifetime values, the minority carrier diffusion length would be 
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0.3 μm and 1.1 μm, respectively for the IBM Cu2ZnSn(Sx,Se1-x)4 devices with x=0.4 and x=0.03. 

Thus, particularly for CZTSe, it appears that lifetimes that would enable 20% efficient devices are 

possible. 

 

Carrier Concentration. The carrier concentration in the absorber layer primarily affects the depletion 

width and carrier collection. Carrier concentrations that are too high can lead to depletion widths that 

are too thin and to tunneling enhanced recombination. Carrier concentrations that are too low lead to 

large regions of enhance recombination (where the n and p concentrations cross over) and can lead 

directly to Voc losses by increasing the energy between the VBM and the Fermi level at the back of the 

device (as is the case for CdTe). If the window and buffer layers are heavily doped, carrier 

concentration in CZTSe (ε=8.5) of 10
15

, 10
16

, 10
17

, or 10
18

 cm
-3

, lead to depletion widths of 914, 288, 

88, 21 nm respectively. It is currently believed that the free carriers in CZTS and CZTSe arise from the 

native point defects (see section 5.3). Based on formation energies calculated via density functional 

theory, the dominant acceptor-like defect has been suggested to be the CuZn antisite defect, which 

ionizes at 0.12 eV in CZTS and 0.09 eV in CZTSe. However, these acceptors are compensated by the 

donor-like ZnCu anitsite defects and the resulting carrier concentration is a result of stoichiometry and 

processing of the material. 

 

There have been widely varying reports of carrier concentration for CZTS. Several reports using Hall 

measurements reported carrier concentrations for CZTS in the range of 10
18

-10
20

 cm
-3

 
84, 266-268

 while 

others report values closer to 10
16

 cm
-3

,
269, 270

 a value in the range much more suitable for PV. For 

CZTSe there have been fewer reports of Hall measurements but the values reported have generally 

similar with values in the range of 10
17

-10
20

.
262, 271

 A recent publication by Tanaka et al. tested carrier 

concentration in co-evaporated CZTSe films as a function of Cu/(Zn+Sn) ratios from 0.7-1.25
262

. Hall 

type measurements showed that the carrier concentrations increased with Cu-content from 10
17

-10
20

 

cm
3
. For ratios above 0.9, Raman spectroscopy indicated that Cu2Se phases were present, and carrier 

concentrations were always over 10
20

 cm
-3

. Etching a film with a starting Cu/(Zn+Sn) ratio of 1.06 for 

30 minutes in 10% KCN reduced the ratio to 0.98, eliminated the Cu2Se peak, and reduced the carrier 

concentration to 2.5x10
18

 cm
-3

. These values are in contrast to carrier concentrations measured using 

capacitance-based techniques, such as Mott-Schottky and DLCP which find values much lower. For 

example, Gunawan et al,
164

 Repins et al.,
272

 and Guo et al.
180

 have all reported carrier concentration 

near 10
16

 cm
-3

 on efficient devices. 
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Effects of Grain Growth. In CIGSe it has been found that growth under Cu-rich conditions leads to 

better electronic properties and significantly larger grain sizes.
273-276

 This is due to flux recrystallization 

via the low melting point binary compound CuxS or Cu2xSe, which phase segregates to the surface of the 

grains leading to a liquid-solid type growth mechanism.
277

 Although beneficial for grain growth, once 

the absorber layer has been formed, the highly conductive CuxS/Cu2xSe binaries are detrimental to 

device performance.  Cu-poor materials form a good interface with CdS and exhibit much better defect 

properties due to the formation of the neutral defect complex (2VCu
- 
+ InCu

2+
) and restructuring at grain 

boundaries.
214, 234, 235

 For these reasons, the highest efficiency absorber layers are those that experience a 

Cu-rich growth regime but are ultimately rendered Cu-poor. A common way to achieve this is using 

KCN etching after depositing the absorber layer. Indeed, reports have already shown that KCN can be 

beneficial for CZTS.
262, 278, 279

 However, despite finding that CZTS absorbers grown Cu-rich had 

slightly larger grains it has not been shown to improve device efficiency.
280-282

 A study of absorbers 

made via co-evaporation starting either Zn-rich or a Cu-rich and terminating at the same Cu-poor/Zn-

rich composition have both been shown to achieve approximately the same grain size and device 

performance.
283

 Interestingly, even when the film was very Cu-poor the presence of CuxSey phase was 

observed.  

 

In order to grow homogenous large-grain absorbers, many groups have been annealing at 550-600°C 
96, 

283
 which is at the upper limits of the soda-lime glass substrate. In-situ growth studies performed on both 

the sulfide and selenide grown from either metallic precursors or binary/ternary metal chalcogenides 

have shown that the formation of kesterite results from the solid state reaction of Cu2SnS(e)3 with 

ZnS(e) at a temperature near 550°C.
284-287

 Similarly to CIGS, Na has also been shown to be beneficial 

for grain growth in kesterites, and can be incorporated by simply dipping the film in an aqeuous Na2S 

solution.
75

 Higher temperatures also lead to larger grains, but it also leads to the formation of a thicker 

MoSe2 layer that can degrade performance. Shin et al.
153

 have demonstrated that TiN can be used as a 

diffusion barrier to suppress excess MoSe2 formation. With this barrier they were able to obtain larger 

grains via higher temperature annealing without forming excess MoSe2 and demonstrated an 8.9% 

CZTSe device.  

 

Effects of Binary Phase Formation. Using EBIC (electron beam induced current) and micro-IV 

measurements, Wätjen et al. have shown that, as expected, binary ZnSe phases act as insulating regions, 

increasing series resistance and reducing short-circuit current density.
288

 In addition, using XANES, 

ZnS content has been directly correlated to losses in Voc, FF, and efficiency.
139, 289

 A cell containing 
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25% ZnS (by volume) suffered a loss in efficiency of almost 50%. However, the mechanism of the 

degradation is not yet clear. Fairbrother et al. found that etching in HCl can be used to remove surface 

ZnS, leading to increased Jsc as a result of decreased series resistance as well as improved Voc, but the 

etch was much less effective for ZnSe.
279

 HCl etching was also found to be ineffective at removing 

detrimental Cu-Sn based secondary phases from CZTSe absorbers, but the non-selective etchant Br2 has 

been shown to be effective.
290

   

While the studies above reflect a growing understanding of the effects of grain growth and formation of 

binaries, there have yet to be studies that directly connect the main metrics of absorber quality (mobility, 

lifetime, and carrier concentration) with processing conditions.  

 

2.5.3 Buffer Layer and Conduction Band Offset 

CdS has been the default buffer layer for CIGSe devices. It has yielded the most efficient devices
19

 and 

has a modest positive conduction band offset of about 0.2 eV that varies with Ga-content.
291

 However, 

for many years researchers have unsuccessfully tried to find an alternative to the CdS buffer layer (that 

is just as good) due to concerns about the toxicity of Cd and to reduce short-circuit current losses that 

result from poor collection of carriers generated in the CdS (2.4 eV). A number of different buffer layers 

have been tested,
292-294

 but none produce as high of efficiencies as CdS, although in recent years, 

Zn(O,S) has gotten very close. The reason CdS works so well is two-fold. First, Metzger et al. have 

shown that the TRPL lifetimes of bare CIGSe absorber layers decrease by two orders of magnitude 

when samples are left in air for 1 day.
264

 Samples were also found to degrade even when stored in dry 

boxes, or even vacuum chambers. This same degradation is not seen in materials after CdS chemical 

bath deposition, and thus CdS acts as a protective layer. This was recently also shown in steady-state PL 

measurements as well.
295

 Another hypothesis for the benefits of CdS is the formation of a buried 

homojunction.
296-299

 The hypothesis is that during CdS deposition Cu atoms are selectively etched from 

the CIGSe layer and substituted with Cd atoms forming a thin n-type (CdyCu1-y)(InxGa1-x)Se2 layer on 

the surface of the CIGSe absorber. While this has been expounded by some as a key feature of CIGSe 

PV (that it helps reduce the recombination at the interface), it has been pointed out by others that the 

same beneficial effects of an inverted region (n-type) in the p-type absorber near the junction can be 

obtained by strongly asymmetric doping (between the window/buffer and the absorber) without the 

presence of a buried homojunction.
253

  For CZTS and CZTSe the energetics of Cd substitution during 

CBD has been calculated by Maeda et al.
300

 They predict that both Cu and Zn will be leached from the 

film to form an aqueous ammonia complex allowing for Cd substitution. They report that the formation 
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energies for a Cd-substitional defect are all positive and large, but smaller than their corresponding 

values in CISe (i.e. CdCu or CdIn). In the presence of VCu, (i.e. once Cu or Zn has been leached) the 

formation energy of CdCu is negative for both CZTS and CZTSe suggesting that the n-type defect CdCu 

will result from the CBD process as it does in CISe. 

 

For the kesterites, if CdS can be replaced with a higher bandgap buffer layer, such as Zn(O,S), it would 

not only increase the maximum photocurrent available, but CZTS could be the first non-silicon thin film 

technology to rely entirely on abundant and non-toxic elements. There have already been several reports 

of devices using alternative buffer layers.
140, 301-303

 Solar Frontier has achieved conversion efficiencies 

of 6.3% and 5.8% on 5x5 cm submodules using In and Zn based buffer layers.
304

 Barkhouse et al. 

recently reported devices with ZnO, ZnS and In2S3 buffer layers.
303

 The devices had conversion 

efficiencies of 2.46%, 0.00%, and 7.59%. The poor performance of the ZnS device was attributed to a 

highly unfavorable conduction band offset, which they measured using femtosecond laser pump/probe 

UPS. They report that (with ±0.1 eV uncertainty) the ZnO conduction band aligns with the CZTS 

conduction band to yield zero offset, ZnS has a large positive offset of 1.1 eV (a spike) that blocks the 

photocurrent, and In2S3 has a favorable small positive offset of 0.15 eV. While the high efficiencies for 

the In2S3/CZTS system are promising, it should be noted that the impetus behind the development of 

CZTS was to avoid In-containing materials (though the buffer layer will be less material-intensive than 

the absorber layer). However, just as with CIGSe, the highest efficiency CZTS devices are still those 

that use a CdS buffer layer. 

 

Density functional theory calculations predict that the CdS/CZTSe interface will have the same type of 

band alignment as CIGSe with a ~0.26 eV offset.
305

 However, the pure sulfide CZTS is expected to 

have a slight negative (cliff-like) offset of 0.09 eV. The transition from spike to cliff would occur at 

some intermediate alloy composition. Experimentally, there have been three reports so far. Ming Wei et 

al. found a positive 0.34 eV spike for CZTSe using XPS, a value which generally agrees with theoretical 

predictions.
306

 On the other hand, the values determined by Haight et al. do not agree with theoretical 

predictions. They looked at S/(S+Se) ratios from 0 to 0.65 using femtosecond laser pump/probe UPS 

and found a positive 0.4-0.5 eV spike in all cases.
161

 Seeking to reconcile the discrepancy between the 

temperature-dependent Voc measurements, which could suggest a cliff like offset,
246, 307

 and the 

reported large positive conduction band offsets, Bär et al used direct and inverse photoemission 

techniques to independently determine the position of the VBM and CBM with and without a KCN 

etch.
278

 In contrast to the previous report and in agreement with the temperature dependent Voc 
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measurements, they found an unfavorable negative (cliff-like) offset of 0.3 eV for CZTS. This same 

offset was seen regardless of KCN etching, but the etch did serve to increase the interfacial band gap 

and thus should increase the energetic barrier to recombination across the interface. This observation 

appears to be supported by recent work from Repins et al.
236

 They reported that the best device 

performance is achieved when the co-evaporated film is capped with extra Zn then oxidized briefly 

following deposition.  Thus there are at least two reports that indicate that a Cu-poor kesterite/CdS 

interface is beneficial for performance. 

2.5.4 Back Contact and Back Hole Barrier 

The standard device architecture for CIGSe, CIGS,
308

 and current CZTS and CZTSe devices use 

sputtered molybdenum for the back contact, due to its relative stability against reacting with the 

chalcogen, good sheet resistance, and nice ohmic contact. The Mo does react to form some MoS2 or 

MoSe2 during annealing, selenization, or sulfidation (and are believed to be necessary for forming an 

ohmic contact). MoSe2 is described by a hexagonal unit cell that contains two Se-Mo-Se layers offset 

from one another. The MoS2 structure is the same. The MoX2 compounds are indirect semiconductors 

with indirect (and direct) band gaps of 1.29 (1.78) eV for MoS2 and 1.10 (1.42) eV for MoSe2, 

respectively.
309

 A small amount of MoSe2 formation has been found to be beneficial and conducive for 

forming an ohmic contact in CIGSe.
310, 311

 However, while excessive MoSe2 or MoS2 formation may 

lead to increases in the series resistance and poorer device performance, 8.9% efficient CZTSe device 

have been achieved with the presence of a 220 nm thick MoSe2 layer at the back.
153

 These devices 

employed a TiN barrier at the back and yielded a series resistance of 1.8 Ω-cm
2
. Identical processing 

conditions without the TiN barrier yielded a 1300 nm thick MoSe2 layer, a series resistance of 3.4 Ω-

cm
2
, and a device efficiency of 2.95%. Recent experimental and theoretical work by Scragg et al.

154
 

suggests that the formation of a thick MoS(e)2 layer is the result of a highly favorable free energy 

change with the reaction between Mo and CZTS(e) during thermal annealing. The decomposition 

reaction shown below has an estimated free energy of reaction of -100 kJ for CZTSe and -150 kJ for 

CZTS, and thus results in the formation of secondary phases at the interface. 

2𝐶𝑢2𝑍𝑛𝑆𝑛𝑆(𝑒)4 + 𝑀𝑜 ⇌ 2𝐶𝑢2𝑆(𝑒) + 2𝑍𝑛𝑆(𝑒) + 2𝑆𝑛𝑆(𝑒) + 𝑀𝑜𝑆(𝑒)2 

This suggests that decomposition into binaries at the back may be minimized or reversed by supplying a 

significant over-pressure of the chalcogen. However, high chalcogen pressures also lead to the 

formation of a thicker MoS(e)2 layer. Since secondary phases can be very detrimental to device 

performance, it seems that Mo may not be the best back contact material for kesterite devices. 
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There have been only a few reports of alternative back contact materials for CIGSe. Nguyen et al, 

investigated the use of Al, Cu, Mo, Au, and carbon as back contacts on superstrate CISe solar cells. All 

of the devices initially showed similar performance (3%), but the Cu and Al devices were found to 

degrade over time. Orgassa et al. reviewed the use of W, Mo, Cr, Ta, Nb, V, Ti, and Mn as back 

contacts for CIGSe. The metals V, Cr, Ti, and Mn were found to be unsuitable due to their reactivity 

with Se, while Mo and W resulted in the best devices. By introducing a Ga-gradient and thus 

passivating the back contact, significant improvements were made with Ta and Nb. Similar results are 

likely to hold for CZTSe based devices, but sulfide devices might have fewer design constraints due to 

the reduced reactivity of the sulfide. To date there have been no comprehensive studies of different back 

contact materials for CZTS. However, our economic analysis (see section 2.1) indicates that replacing 

Mo with a less expensive material would be a nice step in minimizing materials costs for CZTS and 

CZTSe. 

One interesting feature that is unique to solution-processed materials, is the carbon rich layer that often 

appears between the absorber and back contact.
312-315

 This layer is most often seen in paste coating 

where large quantities of organic binder and filler are used to tune the rheology of the coating solution. 

However, we have also seen a carbon-rich layer in nanocrystal-ink based devices (determined from 

unpublished composition profiles). It can be seen as an amorphous or unsintered layer in cross-sectional 

images. While initially it was expected that this layer was detrimental to device performance, the results 

of Haug et al.
313

 suggest that this layer can reduce back contact recombination and can be beneficial for 

device performance. This result is in stark contrast to traditional semiconductor processing where 

extreme measures are taken to achieve ultra-high purity.  

The presence of high series resistance and cross-over in JV curves has been noted in a number of 

kesterite solar cells. Initially, it was believed to be the result of a blocking back contact barrier that 

prevents hole transport across the CZTS/Mo interface.
66, 246

 Back contact barriers have been previously 

reported in both CIGSe and CdTe devices.
316, 317

 However, more recent work utilizing admittance 

spectroscopy and DLCP (drive-level capacitance profiling) has revised previous assertions that a back 

contact barrier is to blame for the dramatic increase in series resistance as temperature decreases. 

Because the dominant p-type dopant is the acceptor-like CuZn antisite defect (~0.12 eV), carriers begin 

to freeze out at temperatures near 150K, causing the series resistance to rise by several orders of 

magnitude as temperature is further decreased.
164, 318

 The most recent result by Repins et al.
272

 notably 

does not suffer from crossover in the JV curve or high series resistance at room temperature. Thus as 

they indicate, both are most likely associated with processing variables, it is not a fundamental 

limitation of the material. 
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Chapter 3.  

DEVELOPMENT OF A COMBINATORIAL SCREENING PROCESS 

 

3.1 INTRODUCTION 

Crystalline silicon solar cells are the most efficient commercially available single junction solar cell 

technology with current module manufacturing costs of ~$1.30/Wp. However, to reach the DOE 

SunShot Initiative target of $1/Wp installed cost, the manufacturing cost of the module will have to be 

below $0.50/Wp. Thin film PV devices are perhaps best poised to reach this manufacturing cost target 

with CdTe devices already at ~$0.60/Wp and CuInGaSe2 (CIGSe) approaching $1/Wp. However, it is 

unlikely that the current absorber layer compositions, device structures, and manufacturing techniques 

will be able to reach this ambitious $0.50/Wp target, especially for multi-terawatt scale production. 

Price and price-volatility issues with In & Ga, crustal abundance issues with Te, and environmental 

issues with Cd have raised some concern that these could reach $0.50/Wp or should be the materials of 

choice for ultra-low cost PV.
33, 36, 60, 319-325

 If non-toxic Earth abundant element thin film solar cells can 

be developed with 20% efficiency, they will be the long-term solution of choice for low-cost terawatt 

scale PV. The strongest initial candidates appear to be kesterite materials (Cu2ZnSnS4 (CZTS) and 

Cu2ZnSnSe4 (CZTSe)). However, relatively little is known about the chemical and electronic properties 

in these materials. In order to effectively chart a course for kesterite-based materials to reach 20%, it is 

useful to examine other technologies, evaluate what limits each, and develop strategies to circumvent or 

overcome similar challenges that may arise in the kesterite system.  

 

 
 

 Table 3.1 Energetic position of native defects within the bandgap of CISe. Reproduced from Zhang et 

al.
188 
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3.2 KEY DEVELOPMENTS IN CU(IN,GA)SE2 THIN FILM PV 

Like Cu(In,Ga)Se2, CZTSSe is a multinary chalcogenide based off the zinc blende structure. It is 

derived from the I-III-VI2 structure by replacing the rare group-III element indium with the earth-

abundant zinc and tin. As a result, CIGSe and CZTSSe have many similar structural and electronic 

properties. Thus it is useful to examine what limits Cu(In,Ga)Se2 technology and what has led to 

significant improvements in Cu(In,Ga)Se2 solar cells. Historically, there have been 3 primary advances 

which have allowed CIGSe technology to achieve over 20% efficiency: (1) compositional tuning of 

intrinsic defects, (2) gallium incorporation, and (3) sodium doping.  

 

In elemental semiconductors, such as Si and Ge, extrinsic species are the primary source of defects, and 

as a result, extreme measures are taken to make the material as pure as possible (99.9999999% for an 

electronics grade Si wafer). Following purification, an elemental semiconductor is doped with an 

element such as phosphorous or boron to produce a significant quantity of charge carriers. However, in 

multinary semiconductors, defects can also form when native elements are in the wrong crystallographic 

site or missing. Examples of this in CIGSe are an indium atom sitting on a copper site (InCu) and a 

copper vacancy (VCu). The InCu defect creates a midgap state that acts as a strong SRH recombination 

site, but the VCu acts as a shallow dopant, and is the primary source of the p-type conductivity of CIGSe. 

The formation of these defects is thermodynamically driven, but can be influenced by varying the 

relative abundance of the native elements.  Theoretical calculations of the energetic position of various 

native defects in CISe are shown in  Table 3.1
192

 The first key advance in CIGSe was realizing that Cu-

poor and In-rich conditions produced the higher quality materials than stoichiometric or other 

processing conditions. This results because Cu-poor and In-rich conditions discourage the formation of 

the worst defects, VIn and CuIn, and instead favors the formation of VCu and InCu. Remarkably, two 

copper vacancies can pair with an indium-on-copper site defect to produce the neutral defect complex 

[2VCu
-
 + InCu

2+
], which passivates the InCu defect. Under Cu-poor and In-rich conditions this defect 

complex has a negative formation energy and thus readily forms.
185

 This same defect complex is also 

believed to play a key role in passivating grain boundaries
214

 and reducing interfacial recombination at 

the CdS interface.
326

 Thus variation of the native species can have a profound impact on the 

optoelectronic properties of multinary semiconductors.  
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Figure 3.1 Bandgap profile through the depth of a CIGSe solar cell calculated from elemental 

composition data. The CdS junction is at 0µm. The image is re-produced from Ref 327. 

 

The second key advance in CIGSe, was the incorporation of gallium to create a back surface field and 

passivate bulk defects.
169, 327

 The small increase in bandgap associated with increasing Ga is not in itself 

that useful (the bandgap of CuInSe2 yields a maximum theoretical efficiency of 31.7% compared to 

33.6% for Cu(In0.7,Ga0.3)Se2), it is mainly through its beneficial effect on minority carrier lifetime and 

the creation of a back surface electric field that directs n-type minority carriers away from the high 

recombination metal-semiconductor interface. This approach is not unique to CIGSe technology, both 

GaAs
328

 and HIT silicon
329

 solar cells use back-surface fields to reduce recombination at the contacts. 

For thin film devices where the entire back interface is a metal-semiconductor contact, significant 

surface recombination will occur, thus a back surface field is especially important for these devices. An 

example of the bandgap profile through the depth of an absorber which occurs from gallium grading is 

shown in.
330

 

 

Sodium incorporation was another important discovery along the road to high efficiency CIGS. It was 

discovered unintentionally when sodalime glass was used as the substrate.
331-333

 Current understanding 

of the role of sodium is based on several decades of experimental and modeling evidence,
334-340

 which 

suggests that in small quantities sodium forms electrically inactive NaCu (and shallow level NaIn) 

defects, which compete with the formation of deep level InCu defects and thus increase the minority 

carrier lifetime. In larger quantities and in the presence of oxygen, sodium phases may precipitate at the 

grain boundaries. Several models have been proposed to explain the effect of sodium on grain 

boundaries including: the defect chemical model,
340

 the positive electron acceptor model,
213, 214

 and the 

neutral hole barrier model,
212, 217

 all of which are discussed in detail in Chapter 1 section 5.4. These 
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models differ in mechanism, but all agree that Na passivates grain boundaries and reduces defect 

densities. Experimentally, it has been repeatedly shown that Na incorporation enhances film 

morphology, grain growth, conductivity, open-circuit voltage, and fill factor.
335, 341, 342

 Practically all 

multinary chalcogenides have intrinsic defects that are centers for Shockley-Read-Hall recombination. 

However, as has been demonstrated with sodium doping in CIGS, extrinsic species may interact with 

the intrinsic defects to form complexes that are not electrically active.  

3.3 KEY DEVELOPMENTS IN CDTE THIN FILM PV 

Substantial progress has been made in recent years in improving the efficiency of CdTe devices. From 

2001-2011 the highest reported device efficiency remained at 16.7%, but since then the efficiency has 

record has been broken at least 5 times, reaching the current record of 20.4% 
343

. Unfortunately, the 

recent gains have been made by private industry, so little information is available about what has 

changed, but traditionally, there have been two main issues with CdTe: an inability to dope CdTe (and 

shift its equilibrium Fermi level to achieve maximum Voc) and a very short minority carrier lifetime of 

around 1-2 ns.  

 

Theoretical calculations have shown that the most probable sources of hole dopants in CdTe films are: 

(1) Cd vacancies (VCd), (2) noble metal substitutions on Cd sites (usually Cu from the back contact, 

CuCd), and (3) a defect complex formed by compensation of a double acceptor cadmium vacancy with a 

single donor Cl substitutional of Te [ClTe
+
 VCd

2-
]

-
 .

344
 The Cu substitutional is 0.22 eV above the valence 

band, and should theoretically only dope CdTe up to 2.4 x 10
13

 cm
-3

 (though larger doping 

concentrations have been measured); further, it tends to be compensated by a donor Cu interstitial.  The 

main source of doping then must come from the other two sources whose energy levels are closer to the 

valence band and can theoretically dope up to 1.8 x 10
17

 cm
-3

.
344

 The main resistance to p-type doping 

of CdTe is not self-compensation, but the lack of dopants that have both high solubility in CdTe and 

form shallow acceptor levels.
345

 

 

Short minority carrier lifetimes are generally attributed to defect recombination, mainly at grain 

boundaries and the back contact.
346-348

 Similar to CZTS, no surface field exists in CdTe devices to 

reduce minority carrier recombination at the back contact, leading to a lower VOC and efficiency.
346

 

Increased minority carrier lifetimes have been observed by chemically passivating films with O2, CdCl2 

treatments, and controlled Cu diffusion from the back contact.
347

 The exact nature of defects in CdTe 

and its grain boundaries are still debated;
347

 however, it is observed that CdCl2 treatments in the 
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presence of O2 not only increase the majority carrier concentration (as discussed above), but also the 

CdTe grain size owing to a low-temperature eutectic in the CdTe-CdCl2 system.
349

  It’s important to 

note that too much Cl can be detrimental to both carrier concentration and minority carrier lifetimes.  

Isoelectronic complexes of two Cl substitutionals at Te sites with a Cd vacancy [2ClTe
- 

 VCd
2+

] will 

reduce carrier concentration, while electrically active intrinsic point defects caused by Cl will reduce 

minority carrier lifetime.
349

 It has been observed experimentally that the addition of chloride is an 

absolute necessity for CdTe. However, it was not discovered from first principles calculations, but by 

experimentation. We could view this as the same lesson that arose from the sodium discovery in the 

CIGS system – there is a good chance of finding extrinsic species that can be added to the film to 

passivate intrinsic defects. However, in the case of CdTe it is extrinsic monovalent anions that are active 

in defect passivation.  

3.4 DEFECT CHEMISTRY OF THE KESTERITE ABSORBER 

CZTS and other similar I2-II-IV-VI4 quaternary semiconductors have attracted interest for a wide 

variety of applications. Their wide applicability stems from the incredible flexibility for tailoring the 

structural and chemical properties. However, with this added flexibility comes additional complexity. 

For example, early reports disagreed as to whether CZTS crystallized in the kesterite or stannite 

structure.  It has since been shown that kesterite is the lowest energy structure, but that the energy 

difference between kesterite and stannite is only about 3 meV/atom.
120

 As a result, both the kesterite and 

stannite phases may coexist in a single sample. Further proof of that complexity can be seen when 

looking at defect formation. Understanding the formation of defects and self-compensation is key to 

developing better quality absorber layers and higher efficiency devices. Theoretical work performed by 

Chen et al 
120, 130, 156, 175, 196

 has greatly facilitated the understanding of defects in CZTS. They have 

shown that unlike CIGS, where the dominant defect is VCu, the p-type conductivity observed in CZTS 

results from CuZn which has a lower formation energy than VCu despite being a deeper acceptor.
350

 The 

formation of CuZn is preferred over VCu in CZTS because of the small difference between both the size 

and valence of Cu and Zn.
130

 Figure 3.2 shows a summary of the different defects in CZTS and CZTSe 

and their energetic position within the bandgap.   
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Figure 3.2 Defect energies in CZTS (left) and CZTSe (right) relative to the band edge positions 

[Reproduced from Chen et al. 
130

] 

 

One of the biggest benefits of using multinary semiconductors is the incredible potential for self-

compensation through the formation of neutral defect complexes. Just as the formation of the neutral 

complex [2VCu
-
 + InCu

2+
] enables high efficiency Cu(In,Ga)Se2 based devices by passivating the InCu

2+
 

recombination center,
192

 in CZTS the defect complex [CuZn
- 

+ ZnCu
+
]
0
 is expected to form easily.

196
 

Under Cu-poor Zn-rich conditions, this should bind the CuZn
-
 defects and prevent the semiconductor 

from being degenerate. In addition, because of the presence of three different cations there are a large 

number of other defect complexes such as
  
[VCu

-
 + ZnCu

+
], [VZn

2- 
+

 
SnZn

2+
]
0
 and [ZnSn

2-
 + 2ZnCu

+
]
0 

which 

have low formation energies and therefore are expected to form easily in non-stoichiometric samples.
130

 

The experimental observation that zinc-rich copper-poor CZTS absorbers produce the most efficient 

devices
351

 clearly shows the importance of neutral defect complexes in passivating deep levels within 

the bandgap of CZTS. However, the realm of how extrinsic species will interact with this complex 

defect chemistry is completely unknown and the potential experimental space is incredibly large. 

Further, as we have learned from both Na in CIGSe and Cl in CdTe, extrinsic species can be beneficial, 

but only in certain concentrations. Too much is bad and too little will not have an effect. Thus, to 

rapidly and effectively screen this enormous experimental space we have developed a high-throughput 

screening method.  

3.5 DEVELOPMENT OF A COMBINATORIAL SPRAY COATER 

From the development of both CIGSe and CdTe, we have learned several important lessons: (1) 

variation of native elements can have a profound impact on the optoelectronic properties, (2) band gap 

grading can greatly reduce interfacial losses, and (3) extrinsic species can passivate intrinsic defects. 

However, because of the complexity of the defect chemistry, particularly in a quaternary polycrystalline 

material, theoretical calculations are often unable to predict the exact energetic position of defects 
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within the gap, which elements will be beneficial or detrimental, whether a species will passivate 

grain boundaries, what quantities are beneficial, etc. Therefore, to rapidly and rationally advance the 

development of kesterite materials, we have designed and built a combinatorial deposition instrument. 

This instrument allows us to bring solution-phase combinatorial techniques to bear to discover regions 

of favorable defect chemistry, impurity compensation, doping, and low SRH recombination rates.  

 

The combinatorial instrument is comprised of a Sonotek Exactacoat ultrasonic spray coating system 

with XYZ translation. The system is completely contained inside a controlled atmosphere glovebox 

which we have enlarged to accommodate the instrument and fitted with all the necessary electrical and 

pneumatic feedthroughs. The ultrasonic nozzle is mounted above a hot plate, and can be entirely 

computer controlled. From the manufacturer the system is designed to receive a liquid feed from a 

single syringe pump. However, to enable combinatorial experiments we have modified the system to 

accommodate 6 independently computer-controlled syringe pumps which are fed to a zero dead-volume 

rotary mixer. The pumps have been integrated into the system such that they can be directly triggered by 

the spray coater and thus synchronized with the nozzle. Further, the axial and radial dispersion of 

molecular species within the fluid delivery system has been modeled by Dr. Steven Gaik, allowing for 

the deposition of precisely controlled material gradients. For safety, we have incorporated an emergency 

interlock system which is tied to the glovebox oxygen sensor. Our calculations show that even under 

continuous spray conditions for several hours, we will not reach to lower explosive limits of any of the 

solvents used, but if the oxygen content unexpectedly increases all power to non-essential systems is 

shut off, and remains off until the oxygen content reaches safe levels. 

 

 

Figure 3.3 Picture showing the combinatorial spray coater housed in a customized glovebox (left) 

and diagrams illustrating the operation of the system (right). 
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The combinatorial spraying system can be operated in at least two modes to create either regions of 

uniform composition and thickness or continuous composition gradients. A typical spray line is about 5 

mm wide, so in theory a 4”x 4” substrate can yield roughly 400 separate 5 mm x 5 mm devices. For a 

composition gradient, a wide variety of pump profiles are possible. In the simplest case, we use only 

two syringe pumps; one containing solution A and another containing species B. As the nozzle rasters 

over a substrate, the flow rate of solution B increases from 0 to 100% while the flow rate of solution A 

decreases from 100 to 0%. In doing this, we create a continuous gradient going from 100% solution A to 

100% solution B. In such a film, the number of different “samples” or compositions probed is limited 

only by the spatial resolution of the characterization technique and the width of a spray line. Further, 

because this technique is general, it can be applied to any solution processable material. Although we 

have developed the system with the goal of advancing kesterite materials, it can easily be used to study 

other materials such as CIGSe, CdTe, or even the recently developed organo-metal halide perovskites.  

 

 

Figure 3.4 Schematic showing the use of the combinatorial spray-coating system to explore a large 

number of compositions for a nanocrystal-ink based thin film solar cell. The top row is a top-view while 

the bottom row is a side view.  
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3.6 DEVELOPMENT OF AN ABSOLUTE INTENSITY PHOTOLUMINESCENCE TECHNIQUE 

There are an incredibly large number of fundamental studies that can be conducted quickly using our 

high-throughput deposition tool. However, to gain the maximum utility from this system, we also need a 

characterization technique that is capable of rapidly screening the materials deposited by this system and 

analysis techniques that can process the resulting data. For this purpose we have developed an absolute-

intensity photoluminescence (AIPL) mapping tool. Photoluminescence is a very powerful tool for 

evaluating material quality and using this technique we are able to measure spot sizes of 100 µm. Thus 

by combining optical characterization with a 5 mm width spray line, we can measure 20,000 different 

compositions on the same substrate. However, without automation, this would require making 20,000 

measurements and processing 20,000 datasets. Thus, in the following I will briefly outline the tools I 

have developed for the automated analysis of combinatorial gradients. 

 

The AIPL mapping instrument is a Horiba LabRam HR that has been calibrated using a NIST-certified 

blackbody source. By utilizing the known blackbody spectrum, we have determined the spectral 

response of all the optical components in the system. This allows us to convert the arbitrary intensity 

measured by the CCD into an absolute photon flux, which is a pre-requisite for extracting the quasi-

Fermi level splitting and full spectral fitting of the photoluminescence spectra (discussed in Chapter 

5.2).  

 

Using the LabSpec software provided with the instrument, we are able to automate the collection of the 

AIPL data. To process the data, I have developed a Mathematica notebook. This notebook takes the 

experimental data, performs a background subtraction, spectrally corrects the data, and then extracts a 

number of parameters useful for quantifying materials properties. Because the maps require 12-24 hrs to 

collect, there can be numerous changes in the ambient lighting environment (e.g. sunrise/sunset or lab 

lights being turned on or off) and drift in the laser intensity. To minimize the impact of these issues, the 

code utilizes a periodic background subtraction. The mapping proceeds in rows moving horizontally 

across the substrate, at the end of each row, a background spectrum is collected. This background is 

subtracted from each of the data points in the row prior to extracting any parameters. The parameters 

extracted by the notebook include: the position of the peak maximum, the peak full-width-at-half-

maximum, the individual half-widths-at-half-maximum, the peak asymmetry, the integrated intensity, 

and the quasi-Fermi level splitting. The quasi-Fermi level splitting may be determined either by a full 

spectral fitting of the AIPL data (in which much more data is also recovered, discussed in Chapter 5.2) 

or from a fit to the slope of the high energy tail. To ensure that the fit accurately represents the data, an 
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R-squared value is also included. Through optimization of this processing algorithm, I have been able 

to reduce the time to process ~2000 data points from 30+ minutes to only 1 minute (a full spectral fit 

still takes longer). 

3.7 SUMMARY AND CONCLUSIONS 

From the development of both CIGSe and CdTe, we have learned several important lessons: (1) 

variation of native elements can have a profound impact on the optoelectronic properties, (2) band gap 

grading can greatly reduce interfacial losses, and (3) extrinsic species can passivate intrinsic defects. 

However, because of the complexity of the defect chemistry, particularly in a quaternary polycrystalline 

material, theoretical calculations are often unable to predict the exact energetic position of defects 

within the gap, which elements will be beneficial or detrimental, whether a species will passivate grain 

boundaries, etc. Therefore, to rapidly and rationally advance the development of kesterite materials, I 

have designed and built equipment and developed procedures for the combinatorial screening of 

solution-processable materials. The equipment includes a customized ultrasonic spray coater which is 

capable of depositing films with continuous composition gradients, a calibrated absolute intensity 

photoluminescence instrument, and Mathematica notebooks that can rapidly process the data and extract 

quantitatively accurate metrics of material quality. 
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Chapter 4.  

STOICHIOMETRY CONTROL AND FORMATION PATHWAY OF 

CU2ZNSNS4 AND CU2ZNGES4 NANOCRYSTALS 

4.1 INTRODUCTION 

 

In recent years, kesterite structured Cu2ZnSn(S,Se)4 materials have attracted significant interest for thin 

film solar cells. Due to the high crustal abundance of the constituent elements, low cost, and rapidly 

improving efficiency, they have emerged as promising alternatives to Cu(In,Ga)Se2 and CdTe. Kesterite 

materials have been deposited using a wide range of techniques, but many of the highest efficiency 

devices have been made using solution processing techniques. Solution-phase techniques can provide 

low-cost, high-throughput, and highly scalable routes to thin film solar cells. The current record 

efficiency of 12.6% was deposited using a hydrazine-based process,
1
 but devices with efficiency as high 

as 9.85%
352

 have been achieved by sintering sulfide nanocrystals in a selenium environment. 

Nanocrystal-ink based routes are appealing because the elements can be arranged with the proper 

structure and composition prior to film formation, and thus can reduce the need for solid-state diffusion 

and avoid the formation of volatile phases (such as SnS) or kinetically stable secondary phases (such as 

Cu2SnS3). However, the formation of CZTS nanocrystals with controlled composition and proper 

crystalline structure is a non-trivial task. Structural characterization of kesterite materials is known to be 

difficult,
353, 354

 and the quaternary nature of the material makes studying nucleation and growth even 

more complex.  The first published report using CZTS NCs for photovoltaic (PV) applications was 

reported by Guo et al. in 2009,
355

 followed shortly thereafter by Steinhagen et al.
100

 There have been 

many syntheses reported since then, but only a few publications have sought to elucidate the underlying 

formation mechanism.  

 

One of the most heavily studied CZTS NC syntheses is the heat up reaction of metal precursors in a 

mixture of fatty amines and alkythiols.
356-362

 Several publications have studied the formation pathway of 

this synthesis,
356-359

 including one using surface enhanced Raman spectroscopy (SERS) to improve 

detection of secondary phases.
359

 The authors have all proposed a formation mechanism wherein CuxS 

nucleates first, then both Zn and Sn interdiffuse, and eventually wurtzite CZTS is formed. A variety of 

parameters impacting this synthesis have been investigated, including the precursor concentration,
356
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precursor reactivity,
359

 reaction temperature,
363

 reaction time,
356

 the coordinating solvent,
358

 and the 

concentration of alkylthiol.
359, 361, 364

 For photovoltaic applications where the NCs are sintered or 

selenized to form a kesterite thin film, it is unclear if the synthesis of wurtzite particles is acceptable. 

Despite a superior understanding of the synthesis, the best photovoltaic devices made from wurtzite 

NCs (4.3%)
362

 are less than half as efficient as those made from a less-studied synthesis of kesterite NCs 

(9.0%).
115

 The cause for this difference is unclear, and is complicated by the fact that very little is 

known about what NC properties (particle size, shape, phase, ligand, etc.) are important for producing 

efficient solar cells. One effect that is known to strongly affect photovoltaic device performance is the 

composition of the absorber layer.
365

 Slight changes in the composition of the absorber layer can 

significantly alter the favorability of certain intrinsic defects and defect complexes, dramatically 

impacting device performance. Despite this, most published methods of controlling composition are 

heuristics based on changing the ratio of the starting precursors added to the reaction. These heuristics 

are rarely elaborated, can result in low reaction yields, fail to provide any insight into the reaction, and 

are not always effective. To address this shortcoming, we have investigated the effect of reaction time 

and precursor choice on the formation of CZTS NCs. We pay particular attention to the average 

composition of different NC size fractions obtained by size-selective precipitation. From this we 

determine the temporal evolution of ink composition and propose a formation pathway. This study 

provides a means to reproducibly produce nanocrystal inks with a specific composition using a synthetic 

pathway which has previously demonstrated an 8.4% efficient device.
366

  

4.2 MATERIALS AND METHODS 

4.2.1 Nanocrystal Synthesis 

All of the precursors were obtained from Sigma Aldrich in the highest purity available and were used 

without additional purification. To ensure maximum reproducibility, all reagents were stored and 

weighed out in a glovebox with O2 and H2O less than 10ppm. Nanocrystals (NCs) were synthesized by 

the hot injection method using oleylamine (technical grade, 70%) as the sole solvent and ligand. A 

standard synthesis consisted of 1.37 mmols copper(II) acetylacetonate (99.99%), 0.865 mmols zinc(II) 

acetylacetonate hydrate (99.995%), and 0.75 mmols tin(IV) bisacetylacetonate dichloride (98%). The 

precursors were added to a three-neck flask, 11 mL of oleylamine was added, then the flask was sealed 

with rubber septa and transferred out of the glovebox. The flask was quickly connected to a schlenk line 

where it was heated to 130°C under vacuum and held for 1 hour, cycling to atmospheric pressure with 

argon every 20 minutes and then returning to vacuum. After de-gassing, the solution was heated to 
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225°C and stabilized. Then 4mL of a 1 M sulfur in oleylamine solution was injected. The reaction 

timer was started immediately following the injection. After the set reaction time, the flask was removed 

from the heating mantle and allowed to cool naturally.  

 

Figure 4.1 Schematic showing the precipitation process used to collect the Standard-NC, Small-NC, 

and All-NC fractions. Typically, for device making the Standard-NC fraction is used and the Small-NC 

fraction is discarded. The All-NC fraction is a combination of the Standard-NC and Small-NC fractions. 

4.2.2 Nanocrystal Precipitation 

Three different particle fractions were isolated from the nanocrystal reaction mixture using size 

selective precipitation. The process is shown schematically in Figure 4.1. The reaction mixture (15 mL) 

was agitated and split equally between two 30 mL centrifuge tubes. 8 mL of hexane (good solvent), then 

8 mL of ethanol (poor solvent), were added to each tube. The solutions were mixed and then centrifuged 

at 10,000 RPM for 5 min. The supernatant was poured off of one of the solutions leaving behind the 

“Standard-NC” fraction. The Standard-NC fraction is typically used for device making, and contains the 

largest particles on average. The supernatant poured off the Standard-NC fraction was split between two 

30 mL tubes. 6 mL of isopropanol (IPA, very poor solvent) was added to each tube, and then they were 

centrifuged at 13,500 RPM for 5 min to collect the “Small-NC” fraction. As the name implies, the 

Small-NC fraction contains the smallest particles. The “All-NC” fraction was collected following the 

same procedures, except the “Small-NC” fraction was not poured off of the “Standard-NC” fraction. 

Thus the All-NC fraction is a combination of the Standard-NC and Small-NC fractions. Once each size 



 

 

72 

fraction was isolated the particles were washed by repeatedly re-suspending the fraction in 4mL 

hexane then adding 20 mL isopropanol and centrifuging. Following the final precipitation, the 

nanocrystals were dried, weighed, and then re-suspended in hexanethiol at a concentration of 200 

mg/mL to make the final NC inks. 

4.2.3 Composition and Structural Characterization 

For composition analysis, energy dispersive spectroscopy (EDS) was performed on films from each of 

the three particle fractions. Samples were prepared by doctorblading the NC-inks onto molybdenum 

coated soda lime glass (Mo/SLG) then drying on a hotplate at 300 °C for 1 min. This process was 

repeated twice for each film. EDS data were collected using a scanning electron microscope with an 

accelerating voltage of 20 keV. Data were averaged over a minimum of 8 distinct regions, each 

>500µm2. Raman scattering and x-ray diffraction (XRD) were performed on samples dropcast onto 

soda lime glass (without Mo) and allowed to dry overnight under gentle heating (~50 °C). The Raman 

spectra were collected using a Horiba LabRam HR with 532 nm laser excitation. Solution phase UV-

Vis-NIR absorption spectra were collected from nanocrystals dispersed in hexane using a dual beam 

Perkin Elmer Lambda 1050 Spectrometer. 

 

Figure 4.2 Change in the composition of the NC ink over the first 4 hours of reaction for the (a) 

Standard-NC, (b) Small-NC, and (c) All-NC fractions. The dashed lines indicate the starting values for 

the precursors (considering only the metal and chalcogen atoms). Data were averaged over multiple 

independent syntheses with error bars indicating the maximum range observed. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Temporal Evolution of Ink Composition 

The change in composition as a function of reaction time is shown in Figure 4.2 for each size fraction. 

Figure 4.3 shows the same data using the cation ratios Cu/(Zn+Sn) and Zn/Sn. Here we emphasize that 
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we are measuring the average composition of the inks, not the composition of the individual particles. 

By comparing the cation ratios of the fractions it is clear that there are considerable composition 

differences between the biggest and smallest particles. In reactions less than 0.5 h, the Small-NC 

fraction is both Cu-rich and Sn-rich while the Standard-NC fraction is very Zn-rich. The heterogeneity 

between these size fractions means that the particle precipitation process will have a substantial impact 

on the average composition of the resulting ink. An aggressive precipitation process, such as that used 

for the All-NC fraction, may produce an ink that closely reflects the composition of the starting 

precursors, but it will be comprised of very disparate particles. The All-NC fraction accurately 

represents a weighted average of the Standard and Small fractions, and thus serves as a secondary 

validation of the measured compositions. Because the Standard-NC fraction is typically the major 

fraction (by mass), the All-NC fraction tends to follow the same trends as the Standard-NC fraction, but 

the composition is shifted to higher Cu/(Zn+Sn) and lower Zn/Sn by the addition of the Cu/Sn-rich 

particles in the Small-NC fraction. However, after about 2 h of reaction the mass of the Small-NC 

fraction becomes so small it no longer appreciably changes the average composition. This can be 

inferred from Figure 4 as the difference between the mass yield of the Standard-NC and All-NC 

fractions.  

 

 

Figure 4.3 Change in the cation ratios as a function of time for the Standard-NC (black diamonds), 

All-NC (blue circles), and Small-NC (red squares) fractions. The dashed line indicates the starting value 

for the precursors. Composition was determined using EDS. 

 

Using the combination of mass yield and the temporal changes in composition, we are able to discern 

two distinct stages in the evolution of the particles.  The first stage is the nucleation and growth. It starts 

with the injection of sulfur and lasts for about 0.5 hr. After 0.5 h of reaction time, the mass yield (Figure 

4.4) reaches a plateau near the theoretical maximum indicating that almost all the free precursor has 

been consumed. Changes in particle size and composition still occur beyond this time, but via the much 

slower Ostwald ripening mechanism. The transition can also be seen in the composition profiles (Figure 
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4.2ac) as a sharp decrease in the slopes of the individual composition lines in both the Standard-NC 

and All-NC fractions. 

 

Figure 4.2 shows that during the first 0.5 h of reaction the Standard-NC fraction contains about 

equimolar quantities of Cu and Zn but very little Sn. Over time the concentration of Cu and Zn both 

decrease as Sn is incorporated, suggesting that the earliest particles may be both CuxS and ZnS (or a Cu-

Zn-S compound). If pure CuxS formed first, as previous reports using the heat-up method found,
356-358

 

we would expect the Cu concentration to be significantly higher than that of Zn since the precursor 

concentration is about twice as high. We would also expect to see a region in the Standard-NC fraction 

where the Cu concentration decreases as the Zn concentration increases. We do not see either of these 

effects in our data, but it is possible that the kinetics of Zn addition are more rapid than our sampling 

time.  

 

Figure 4.4 Mass collected from the Standard-NC (hashed grey) and All-NC (solid green) fractions. 

Theoretical yield is about 162 mg for each fraction. We calculate less than 10 mg of additional mass 

from the coordinating ligands. 

 

The low Cu-content in the Standard-NC fraction following injection may be explained by looking at the 

temporal changes of the Small fraction. As shown in Figure 4.2, the small fraction is both Cu- and Sn-

rich during the first 0.5 h., and the Cu:Sn ratio of the Small fraction remains approximately constant at 

1.44±0.05. These observations suggest that Cu preferentially interacts with Sn in the reaction mixture, 

possibly forming a Cu-Sn-S compound or alloy particle. At the reaction temperature, Cu3Sn and Cu6Sn5 

are known to be stable alloys,
367

 and ligands are known to have a stabilizing effect on metastable 

phases. Regardless, the interaction of Cu and Sn seems to reduce the amount of free Cu available for 

nucleation, and generates a secondary particle population. To reach the target composition, these 
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particles/complexes must be ripened into the larger (Zn-rich) particles. This behavior has not been 

reported in previous syntheses, but has a profound impact on the temporal evolution.  

 

 

Figure 4.5 X-ray diffraction spectra from dropcast (unheated) nanocrystals. We only observe a peak 

associated with a secondary phase, CuxS, in the 0.125 h Standard-NC reaction spectra. 

 

It is possible that using the hot-injection method increases the interaction of Cu with Sn. The species are 

allowed to freely interact in a hot solution of oleylamine for almost an hour prior to injection of sulfur.  

This may alter the formation pathway and explain why we observe so much Zn in the early particles. In 

the heat-up method, a strong coordinating ligand (such as an alkylthiol) is present even at low 

temperatures and can bind the metal precursors, preventing the interaction of Cu and Sn. As the 

temperature is ramped, CuxS forms first because it has the lowest formation energy. However, with the 

hot injection method, we can bypass the temperature at which the nucleation of only CuxS would occur 

and reach conditions where the nucleation of other species is favorable. Thus, even if the nucleation of 

CuxS is most favorable, some ZnS may also nucleate, particularly if the effective free Cu concentration 

is being reduced as a result of the interaction with Sn. In the XRD (Figure 4.5) and UV-Vis-NIR 

absorption data (Figure 4.11), we do find some evidence of a CuxS phase, however because of the well-

known overlap of ZnS peaks with those of kesterite Cu2ZnSnS4 and Cu-Sn-S phases such as Cu2SnS3 

we cannot distinguish these phases.
131, 368
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Figure 4.6 Photograph of two nearly identical syntheses at the same time during heat-up prior to 

sulfur injection. (a) Standard synthesis. (b) Standard reaction precursors with the exception of ZnCl2 

substituted for Zn(acac)2•H2O. Note that the color changes with various precursor substitutions are 

summarized in Table 1. 

 

 

TABLE 4.1 SUMMARY OF OBSERVED SOLUTION COLORS PRIOR TO INJECTION OF SULFUR WHEN USING 

SUBSTITUTING SELECT PRECURSORS.  

Precursor Substitution(s) Color Before Injection 

None Dark brown solution 

Cu(I)Cl Orange to yellow translucent 

Cu(II)Cl2 & Sn(IV)Cl4·5H2O Orange to yellow translucent 

Sn(IV)(acac)2Br2 Dark brown solution 

Zn(II)Cl2 Orange then dark brown 

Sn(IV)Cl4 Orange to yellow translucent 

Ge(IV)Cl4 Red translucent 

4.3.2 The Effect of Precursor 

The baseline synthesis employs Cu(II)(acac)2, Zn(II)(acac)2, and Sn(IV)(acac)2Cl2 dissolved in 

oleylamine. Initially, the solution is opaque light blue due to undissolved copper acetylacetonate, but 

upon heating, the precursor dissolves creating a deep translucent blue solution that slowly changes to 

dark brown. When heated in oleylamine independently, the precursor Cu(II)(acac)2  transitions from 

blue to dark green while both Zn(II)(acac)2, and Sn(IV)(acac)2Cl2 remain colorless. One conceivable 

explanation is that the dark brown color observed prior to injection is due to the formation of alloy 



 

 

77 

nanoparticles. Should such a species exist, we would expect that it would have a significant impact on 

nucleation and growth and could be the source of the small Cu/Sn-rich particles. We have unsuccesfully 

attempted to isolate these particles by heating the reaction mixture without injecting sulfur, but we were 

unable to isolate any stable species. Therefore, to further investigate this possibility, we have also 

synthesized nanocrystals by substituting the precursors Cu(I)Cl , Cu(II)Cl2, ZnCl2,  Sn(IV)Cl4, 

Sn(acac)2Br2, and Ge(IV)Cl4  for the copper, zinc, and group IV precursors, respectively.  Unlike the 

baseline synthesis, all syntheses employing alternative precursors produced translucent (but colored) 

solutions prior to the injection of sulfur, except Sn(acac)2Br2 and ZnCl2. Substituting ZnCl2 initially 

resulted in a transparent orange solution, as shown in Figure 4.6, but upon further heating it changed to 

brown. As summarized in Table 1, changing either the Cu or Sn precursor resulted in a translucent 

solution, but changing the Zn precursor did not, indicating that the color results from interaction of Cu 

and Sn.  

The above observations show that the choice of reactant has an impact on the chemical state of the 

precursors prior to injection. However, the substitution of alternative precursors was found to have very 

little impact on the composition of the Standard-NC and Small-NC fractions, as summarized in Figure 

4.7. We do observe some variation in composition between different precursors, but these effects are 

small when compared to the effect of reaction time, and are most likely the result of slight variation in 

reaction time (particularly cool down), temperature dynamics following injection, and small variations 

in the precipitation procedure. The rate of change in the Zn/Sn ratio is very rapid for short reaction times 

(0.20/min between 0.125 and 0.25 h), thus even small variations in reaction time can lead to cause 

significant difference in the cation ratios. Therefore, even though inks with a desired composition (but 

large heterogeneity) can be produced using shorter reaction times and an aggressive precipitation, longer 

reaction times are more desirable because they reduce the processing sensitivity.  

Increasing the reaction temperature has a similar effect to reaction time. We find that reactions times of 

0.5 h and 1.5 h at 250 °C produce inks with composition comparable to that of 2 h and 12 h of reaction 

at 225 °C, respectively. In the latter case, it may not take the full 12 hours to reach the final composition 

at 225 °C. However, the fact that all of the precursors show the same growth kinetics at 225 °C suggests 

that the composition evolution is not limited by the reactivity of the metal precursors but rather the slow 

dissolution of smaller particles. Similarly, the fact that solutions employing GeCl4 show the same 

growth kinetics is surprising, but agrees with our observation that the Group IVA element (Sn or Ge) is 

not involved in nucleation.  
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Figure 4.7 Cation ratios of the Standard-NC fraction obtained when substituting alternative 

precursors. The differences in composition most likely result from slight variation in reaction and 

precipitation procedure, not precursor reactivity. 

4.3.3 Particle Characterization 

Based on the composition data it is clear that there is significant heterogeneity among the different 

particle fractions, but the exact nature of the particles that comprise these size fractions is still unclear. 

To better understand these particles we have characterized the different size fractions using UV-Vis 

spectroscopy, TEM, and Raman spectroscopy. 

 

Figure 4.8 Raman spectra from the (a) Standard-NC and (b) Small-NC inks with different reaction 

times. All of the samples had peaks consistent with previously reported values for Cu2ZnSnS4 (289 and 

339 cm
-1

) Shown as a reference is the synthesis performed without Zn precursor (“Zn-free”) which has 

peaks corresponding to monoclinic Cu2SnS3 (289 and 351 cm
-1

).   
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The Raman spectra of the Standard-NC and Small-NC fractions are shown in Figure 4.8. The 

Standard-NC fraction has sharper peaks than the Small-NC fraction, but both are relatively broad, 

reflecting the nanocrystalline nature of the materials. We have not observed any ZnS modes even in 

samples with very large Zn excess. This may be explained by the fact that Raman scattering from ZnS is 

not easily detected without UV laser excitation.
133

 The peaks observed for all of the Standard-NC and 

small-NC fraction generally correlate with those expected for kesterite CZTS at 289 and 339 cm
-1

. 
131, 

134, 368
 Interestingly, the Raman spectra does not change significantly despite large deviations from 

stoichiometric. This suggests that the signal may originate from either a kesterite Cu2ZnSnS4 phase that 

exists among undetected secondary phases, or a tetragonal  (ZnS)x(Cu2SnS3)1-x alloy. Due to the breadth 

of the peaks and the similarity of the spectra, we cannot rule out that the peaks result from tetragonal 

Cu2SnS3, which has peaks at 297 and 337 cm
-1

.
131, 134, 368

 To test this hypothesis, we performed an 

identical NC synthesis omitting only the Zn-precursor. The Raman spectrum from the “Zn-free” 

synthesis is shown at the top of Figure 4.8ab. The peaks correspond very well to those reported for 

monoclinic Cu2SnS3
369

 at 289 and 351 cm
-1

, an assignment which is consistent with the XRD (Figure 

4.5) and UV-Vis-NIR absorption data (discussed below). Therefore, the primary Raman signal we 

observe in the Standard-NC fraction likely is not from tetragonal Cu2SnS3 since the formation of 

monoclinic Cu2SnS3 is favored under our reaction conditions. Minor features corresponding to those 

observed in the Zn-free synthesis are visible in almost all the spectra. Therefore, we conclude that some 

monoclinic Cu2SnS3 particles may be present but the dominant peak located near 339 cm
-1 

does not 

result from Cu2SnS3. 

 

TEM images of the nanoparticles at different reaction times are shown in Figure 4.9. In general we see 

that the inks are quite polydisperse, but with time the mean particle size increases and the shapes 

become more homogeneous (histograms are provided in SI). Oleylamine and other fatty amines are 

known to have an “activating” effect on precursors,
370

 and given the absence of any additional tightly 

binding ligands we should expect a large degree of polydispersity.  Adding a strong ligand such as 

trioctylphosphine oxide (TOPO) could yield better control over particle size and shape, but may have 

unintended consequences. For applications where the NCs will be decomposed to form a bulk film, 

producing highly monodisperse particles is likely to be less important than having ligands that can be 

easily eliminated from the film during sintering. 
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Figure 4.9 TEM Images from the Standard-NC fractions with different reaction times. The particles 

generally increase in size and become more regular with increasing reaction time. All images were taken 

at the same magnification. The scale bar is 50 nm. Refer to SI for size histograms. 

 

 

Figure 4.10 Absorption spectra from the 1 hour Standard-NC (a) and Small-NC (b) size fractions. 

Shown in the inset of each is the fit plotted on a logarithmic scale. The Standard-NC particles were best 

described by a direct transition while the Small-NC particles were best described by an indirect 

transition. 

 

We have used a least squares fitting of the absorption onset to approximate the band gap of the different 

inks. The absorbance spectra from the Standard-NC fraction were best fit by linear extrapolation of α
2
 

versus energy (e.g. α ∝ (hν-Eg)
1/2

), indicating a direct allowed transition.
371

 The same type of transition 

did not produce accurate fits for the Small-NC fraction, but extrapolation of α
1/2

 versus energy did (e.g. 
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α ∝ (hν- Eg)
2
). Such an exponent is characteristic of an indirect allowed transition,

371
 and indicates 

that the particles in the Small-NC fraction are fundamentally different than those in the Standard-NC 

fraction.  

 

Figure 4.11 Absorption spectra from the Standard-NC size fraction with different reaction times. A 

low energy absorption feature is clearly evident and may result from CuxS localized surface plasmon 

resonances. 

 

We observe a notable low energy absorption peak in the 0.125 h and 0.25 h Standard-NC spectra, as 

shown in Figure 4.11. We believe this peak results from localized surface plasmon resonances (LSPR) 

originating from CuxS particles. Such resonances were reported by Liao et al.
357

 in a previous study on 

CZTS, and the phenomena has also been reported in syntheses of CuxS.
372-374

 The band gaps we extract, 

summarized in Table 2, are consistent with the range of values reported for CuxS. This evidence, along 

with the XRD and composition data strongly suggests that CuxS is indeed present. The fact that we do 

not observe a band gap near 1.45 eV does not necessarily exclude the presence of kesterite CZTS in the 

ink, it simply indicates the presence of a smaller band gap material. The absorption onset could also 

result from tetragonal Cu2SnS3
375

 or tetragonal  (ZnS)x(Cu2SnS3)1-x alloy particles.
376, 377

 However, as 

discussed above, characterization of the Zn-free synthesis suggests that monoclinic, not tetragonal, 

Cu2SnS3 is favored under our synthesis conditions.  
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TABLE 4.2 BAND GAP OF THE NANOCRYSTAL DETERMINED USING A LEAST SQUARES FIT TO THE 

ABSORPTION ONSET. 

Rxn Time Eg Standard (eV) Eg Small (eV) 

0.125 h 1.29 1.19 

0.25 h 1.31 1.18 

0.5 h 1.30 1.23 

1 h 1.23 1.19 

2 h 1.14 1.19 

4 h 1.11 1.26 

12 h 1.13 1.30 

24 h 1.20 -- 

 

4.3.4 Synthesis of Inks with Precise Off-Stoichiometric Composition 

The ability to produce inks with precisely controlled composition is important because previous work 

has shown that composition has an enormous effect on device performance and that specific off-

stoichiometric compositions are necessary for good device performance.
365, 378

 In addition, the ability to 

produce inks of specific off-stoichiometric compositions can enable combinatorial screening and allow 

growth techniques that emulate the multi-stage co-evaporation method that has been effectively applied 

to grow record efficiency CIGSe (i.e. copper-rich grain growth followed by a copper-poor final 

stage).
379

  We have shown above (Figure 4.2 and  

Figure 4.3) that NC inks with longer reaction times more closely converge to the metal ratios of the 

added precursors. However, there is still an off-set, particularly with respect to copper. The Cu/(Zn+Sn) 

ratio of the NC ink with the Standard precipitation procedure is about 94% of the Cu/(Zn+Sn) ratio of 

the precursors added to the reaction flask after reacting for 4 hours at 225 °C. Applying this heuristic, 

we can see how specific off-stoichiometric compositions may be synthesized. As shown in Figure 4.12, 

the resulting inks have composition very close to the target. This demonstrates a means to rationally 

produce NC inks with specific off-stoichiometric compositions.  
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Figure 4.12 Ternary diagram demonstrating the ability to produce inks with precisely controlled off-

stoichiometric compositions with a 4 hour reaction at 225 °C.  Solid blue squares indicate the targeted 

composition (94% of the precursor Cu/(Zn+Sn) ratio) and hollow green squares indicate the actual ink 

composition. Lines connect the targeted and actual results. The red star indicates stoichiometric 

Cu2ZnSnS4. 

4.3.5 Combinatorial Screening of Compositional Effects 

By applying our new-found understanding of the synthesis we have been able to produce a continuous 

composition gradients via the combinatorial mixing of nanocrystal (NC) inks with different starting 

compositions. The cation ratios (Cu/(Zn+Sn), Zn/Sn) of the starting inks was determined using EDS to 

be (0.56, 1.48) and (1.28, 0.75). Inks were diluted with toluene to a concentration of 30mg/mL for 

combinatorial spray coating. Films were deposited using the custom built deposition system described in 

Chapter 2. The film is deposited onto Mo-coated soda-lime glass on a hot plate set to 250°C. Following 

deposition, the film is diced into approximately 1”x1” segments and then selenized in a tube furnace 

with excess selenium at 500°C for 20 min. The film is then coated with 50nm of CdS using chemical 

bath deposition immediately following annealing. After CdS deposition all time sensitive steps are 

assumed to be completed.  The resulting films were characterized using a micro-PL instrument using a 

785nm laser. PL data was collected over a 110 x 110µm spot size with a 1mm x 1.5mm mesh. Further 

detail about the PL instrument can be found in Chapter 2. 
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Figure 4.13 Cation ratios as a function of the distance along the spray line. Elemental analysis was 

performed using EDS. Lines are added as a guide to the eye. 

 

Following deposition, the presence of a composition gradient in the selenized films was confirmed using 

energy dispersive spectroscopy (EDS) for 12 different points along the spray line and is shown in Figure 

4.14a. Figure 4.14b shows a map of the PL intensity on the high energy tail of the PL peak for the 

compositionally graded film. Additionally, Figure 5 shows the average PL intensity at 1200nm of the 3 

most intense points located laterally along a spray segment.  From these two plots, the importance of 

absorber layer composition and the value of high-throughput experiments are clearly apparent. As 

expected, the PL intensity is highest in the approximate region (0.7, 1.4) – (0.9, 1.1) and dies off quickly 

beyond either extreme. This behavior is consistent with theoretical calculations, which predict that 

growth under Cu-poor/Zn-rich processing conditions favors the formation of the shallow VCu acceptor 

and the relatively benign defect complexes [ZnCu + VCu] and [2ZnCu + ZnSn] while suppressing the 

formation of the relatively deeper CuZn acceptor and detrimental defect complexes such as [2CuZn + 

SnZn] 
194

. Most importantly though, this data shows that we are able to clearly resolve trends in the 

optoelectronic properties using by depositing material gradients and characterizing them using 

photoluminescence. 

 

4.4 CONCLUSIONS 

In summary, we have determined the temporal evolution of Cu2ZnSnS4 nanocrystal ink composition. 

From detailed characterization of different particle size fractions over time, we find that at least two 

distinct particle populations form following injection of sulfur: large Cu and Zn containing particles and 

small Cu- and Sn-rich particles. XRD and absorption data indicating the presence of CuxS allow us to 

conclude that the formation pathway involves either the nucleation of CuxS followed by very rapid Zn  
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Figure 4.14 Photograph of the spray coated film with a continuous composition gradient,following 

chemical bath deposition (Left). Photoluminescence intensity map at 1200nm collected from the same 

film (right). The number at the top and bottom indicate the distance along the spray line in mm for 

reference to other figures. 

 

addition or the simultaneous nucleation of both CuxS and ZnS. An unspecified interaction of Cu with Sn 

creates a secondary small particle fraction that has near constant composition for all reaction times.  At 

short reaction times, the heterogeneity between these two particle fractions is very pronounced and as a 

result, the precise details of how the particles are precipitated can have an enormous impact on the 

composition of the resulting ink. Over time, ripening occurs and the population of small particles 

decreases resulting in an ink with larger particles, higher NC yield, and an average composition closer to 

that of the starting precursor ratios. Thus, a key finding of this study is that longer reaction times lead to 

a more reproducible reaction product. We have used this to demonstrate the ability to synthesize inks 

with specific off-stoichiometric compositions of Cu2ZnSnS4 and deposit continuous composition 

gradients. We have also investigated the impact of different metal precursors, and shown that the choice 

of precursor has relatively little impact on the dynamics of composition evolution even when 

substituting germanium for tin. These results are useful for the reproducibly fabricating solar cells from 

NC inks where precise control of composition is critical for managing intrinsic defects and for 

developing new NC based absorber growth methods that utilize Cu-rich or perhaps Sn-rich growth 

conditions.  
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Chapter 5.  

THE EFFECT OF NANOCRYSTAL REACTION TIME ON SOLUTION-

DEPOSITED CU2ZNSN(S,SE)4 SOLAR CELLS 

5.1 INTRODUCTION 

The use of colloidal nanocrystals (NCs) as a precursor to a continuous thin film is a relatively new 

concept and little is known about what is required to make a high quality material. The sintering process 

in these PV materials has not been thoroughly studied, and strong criteria do not exist for predicting 

how ligands, particle size, and processing steps impact the resulting films and devices. Early attempts to 

make bulk materials from nanocrystals suggested that the carbonaceous ligands prevented effective 

sintering
380-382

, but more recent work has shown large grained structures.
115, 383

 Reports have even 

suggested that the carbonaceous layer often observed between the absorber and back contact
312-315

 may 

benefit devices by reducing back contact recombination.
313

 To better understand how the properties of 

the nanocrystal ink impacts the bulk film, we have made photovoltaic devices with CZTS nanocrystal 

synthesized for different lengths of time. The resulting inks vary in average particle size, compositional 

heterogeneity, and average composition. 

 

Figure 5.1 The change in film composition as a function of time for the (1) “Standard” and (2) “All” particle 

fractions. Black lines indicate the composition of the doctorbladed film, red lines indicate the composition after 

selenization. The dashed blue line indicates the ratio of precursors added for NC synthesis. 
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5.2 MATERIALS AND METHODS 

5.2.1 Nanocrystal Synthesis 

CZTSSe solar cells were made from nanocrystals characterized in detail in a previous publication.
384

 

The nanocrystals are synthesized by injecting a 1M sulfur in oleylamine solution into a flask containing 

copper(II) acetylacetonate (Sigma 99.999%), zinc(II) acetylacetonate hydrate (Sigma 99.999%), and 

tin(IV) bis(acetylacetonate) dichloride (Sigma 98%) in oleylamine (Sigma, technical grade) at 225 °C. 

After injection the reaction is allowed to proceed for a set duration. After that time, the reaction mixture 

is allowed to cool naturally. The reaction mixture is then split equally between two centrifuge tubes. 

From one tube, we precipitate nearly all of the particles (the “All” fraction); from the other we only 

collect particles above a certain size threshold (the “Standard” fraction). The Standard procedure is the 

same as was used to produce a 7.2% efficient device 
243

. The nanocrystals are washed multiple times to 

remove excess oleylamine then dispersed in hexanethiol to form a dense ink.  

5.2.2 Device Fabrication 

Device fabrication closely follows a previously published method.
243

 Thin films are made by 

doctorblading the NC inks onto molybdenum coated soda-lime glass and then drying on a hot plate at 

300 °C in air. A film about 1.5µm thick is made by repeating this process twice. The films are then 

annealed in a graphite box with excess selenium at 500 °C for 20 minutes to form a polycrystalline 

CZTSSe film. Complete devices are made following standard procedures, including chemical bath 

deposition of CdS, RF sputtering of i-ZnO then ITO, and thermal evaporation of a Ni/Al top contact. 

The samples are scribed into devices with a typical area of about 0.45 cm
2
.  

5.2.3 Characterization 

The composition of the films was measured before and after selenization using energy dispersive 

spectroscopy (EDS) on a FEI Sirion scanning electron microscope at 20 keV. Completed solar cells are 

tested under simulated AM1.5G illumination produced using a 300W Xe arc lamp with appropriate 

filters. The integrated light intensity is validated using a calibrated mono-crystalline Si reference cell. 

Current-voltage parameters are extracted using the method of Zhang et al.
385

 The external quantum 

efficiency (EQE) is measured using a lock-in amplifier with monochromatic light, chopped at 153 Hz 

and the resulting spectrum is integrated over the AM1.5G spectrum and compared to the measured short 

circuit current. Drive-level capacitance profiling (DLCP) is performed at room temperature using a 

Solartron SI 1260. The DC peak voltage was varied from -0.5 to +0.5V with the AC signal ranging from 
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10-300 meV over the frequency range 0.1-46.4 kHz. For determining the defect density, the device 

was assumed to be a planar one-sided junction and the dielectric constant was assumed to be 8.6.
121

 

Absolute intensity photoluminescence (AIPL) spectra are collected on a modified Horiba Labram 

steady-state PL instrument calibrated using a NIST-calibrated blackbody source. The AIPL spectra are 

collected over a 110x110 µm area using 785 nm laser excitation at approximately 10 suns. A minimum 

of 6 PL measurements are taken on each sample and the fitted parameters are averaged. The 

crystallographic structure of the films was analyzed by powder x-ray diffraction (PXRD) using a Bruker 

D8 Focus with a Cu K-alpha radiation source. The XRD instrumental broadening was measured using a 

single crystal silicon wafer which had a FWHM of 0.115 2θ, less than half of the narrowest FWHM 

observed in any of the CZTSSe films. 

TABLE 1. SUMMARY OF CATION RATIOS FOR THE SELENIZED FILMS 

  Standard All 

Reaction Time Cu/(Zn+Sn) Zn/Sn Cu/(Zn+Sn) Zn/Sn 

0.125 hrs 0.79 3.94 0.87 1.81 

0.25 hrs 0.74 2.02 0.82 1.31 

0.50 hrs 0.74 1.52 0.83 1.23 

1 hrs 0.84 1.17 0.84 1.14 

2 hrs 0.84 1.16 0.86 1.15 

4 hrs 0.88 1.10 0.86 1.09 

12 hrs 0.81 0.88 0.77 0.87 

24 hrs 0.78 0.89 --   -- 

     

5.3 RESULTS AND DISCUSSION 

5.3.1 Temporal Changes to Composition 

With increasing reaction time we see significant changes in the average composition of both the 

Standard and All NC inks. As detailed in a previous publication,
384

 and shown in Figure 5.1, the short 

reaction time inks are very Sn-poor, but over time the composition of the ink approaches that of the 

starting precursors. Analysis of the particle size fractions shows that the reaction product contains at 

least two distinct particle populations: large Zn-rich particles and small Zn-poor particles. The small 

particles are not collected in the Standard fraction, but are included in the All ink. The addition of these 

small particles causes the All fraction to have higher Cu/(Zn+Sn) ratios and lower Zn/Sn ratios than the 

Standard fraction. After the first 0.5 h of reaction, the small particles dissolve to enrich the larger 

particles with Cu and Sn, thus the composition of the All fraction precedes that of the Standard fraction. 

For example, the Cu/(Zn+Sn) and Zn/Sn ratios for the Standard fraction reacted for 1 hour are 0.83 and 
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1.18; values close to that of the All fraction after only 30 min of reaction at 0.83 and 1.22. After about 

4 h of reaction nearly all of the particles are collected in the Standard fraction, so the two compositions 

converge. Comparing the film compositions before and after selenization, we observe that both the 

Standard and All fraction shift to higher Cu/(Zn+Sn) ratio as a result of both Zn and Sn loss. When the 

film is very Zn-rich, the shift primarily results from Zn loss, as indicated by a reduction in the Zn/Sn 

ratio. However, we also see evidence of Sn loss, particularly for the longer reaction time samples, as has 

been documented previously.
69, 150-152, 154

 The elemental losses are significantly lower for the longer 

reaction times, when the average composition is much closer to stoichiometric. Because ZnS(e) has a 

very low vapor pressure, the loss of Zn suggests that there is likely unbound (metallic) zinc present 

during annealing. Conveniently, for reaction times of 2-4 hours, the elemental losses that occur during 

selenization shift the composition ratios very close to the composition targeted by the NC synthesis 

(dashed line). A summary of the cation ratios is provided in Table 1.  

 

Figure 5.2 Parameters extracted from the current voltage characteristic of the Standard NC devices 

(red) and All NC devices (blue) with different reaction times. Error bars indicate the minimum and 

maximum values observed from 12 devices. 

5.3.2 Current-Voltage Characteristics 

CZTSSe solar cells were made from both the Standard and the All NC inks to evaluate how the 

synthesis and particle collection procedure impact the resulting devices. Parameters extracted from the 

I-V characteristic are summarized in Figure 5.2, and SEM cross sections of the Standard devices are 

shown in Figure 5.3. With increasing reaction time, we see improvements in Jsc, fill factor, Voc, and 

power conversion efficiency (PCE) for synthesis times up to 4 h for both the Standard and All devices. 
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Jsc continues to increase after the 4 h mark, offsetting the losses to fill factor and Voc observed for 

the 12 and 24 h reaction times to yield devices with comparable efficiency. The changes in composition 

with time complicate the data interpretation, but by comparing samples with similar cation ratios, we are 

able to make clear conclusions about the effect of reaction time and the impact of different particle 

fractions. For example, the 1-4 h Standard and the 0.5-4 h All devices have similar cation ratios, yet the 

Standard ink, which on average has larger particles and is more homogeneous, tends to make slightly 

more efficient devices. The difference primarily results from enhanced Voc and fill factor. This 

contrasts with previous work, which reported that the small Zn-poor particles (such as those included in 

the All fraction but not the Standard fraction) had a beneficial effect on devices.
366

  However, in that 

report, the addition of the small particles caused a significant change in the cation ratio of the similarly 

synthesized particles (the “R1” particles), but not the particles synthesized using an alternative method 

(the “R2” particles). The R1 particles are comparable to our 0.5 h particles, while the R2 particles were 

synthesized using a higher temperature reaction for a longer amount of time, and thus may be most 

comparable to our 4 h particles. Comparing the Standard and All devices from these reactions, we see 

that the additional of the small particles benefits the 0.5 h but not the 4 h. For the 0.5 h reaction, the 

changes in composition are large, so it is difficult to precisely identify what impact the small particles 

have.  We also note, that the efficiency of the 0.5 h All sample is much worse than expected given the 

composition. This may be a result of poor film quality or processing error. 

  

 

Figure 5.3 SEM cross-sectional images of the Standard devices with different NC reaction times. 

The samples are all approximately 1.2 µm thick and show varying degrees of grain growth. The scale 

bar is 1µm in each image. 
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Among the samples with similar compositions, the clearest trend is an improvement in efficiency 

with reaction time. Between 1-4 h the composition of the Standard devices changes only slightly, yet the 

average efficiency increases by 3.0%. The effect is less pronounced in the All devices, but between 0.5-

4 h the efficiency does improve. Further, the performance of the longest reaction time devices suggests 

that the synthesis plays an important role in device performance. Reaction times up to 4 h produce films 

with a Cu-poor/Zn-rich composition. These conditions favor the formation of relatively benign defects 

and defect clusters such as [VCu+ZnCu] while suppressing the formation of more detrimental defects 

such as [2CuZn+SnZn] and SnZn.
24, 194, 195

 For this reason, the most commonly reported optimum cation 

ratios Cu/(Zn+Sn) and Zn/Sn are 0.8 and 1.2, respectively.
386

 However, the 12 and 24 h devices are Sn-

rich, with Zn/Sn ratios near 0.9. We would anticipate that under Sn-rich conditions, the defect chemistry 

should be much more unfavorable, yet these devices perform as well or better than devices that have 

compositions closer to the optimum. In Zn-rich films, we expect the precipitation of ZnSe, which is 

relatively benign, but the Sn-rich devices will likely have SnSe or SnSe2, which are detrimental to 

devices.
238, 387

 Some brightly colored precipitates are evident near the bottom of the film in the SEM 

cross-sections (Figure 5.3), which are likely ZnSe. We do not see any obvious signs of Sn-based 

secondary phases. 

 

Figure 5.4 External quantum efficiency of the Standard nanocrystal devices. We see improved 

carrier collection at almost all wavelengths with increasing reaction time.  

5.3.3 External Quantum Efficiency and Drive-Level Capacitance Profiling 

The EQE of the highest efficiency Standard devices are shown in Figure 5.4. With increasing reaction 

time, the current collection improves across all wavelengths, suggesting a decrease in the defect 

concentration both in the quasi-neutral region and in the space charge region. The higher EQE between 
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400-500 nm for the 12 and 24 h devices could result from either a reduction in interfacial defects or a 

thinner CdS layer. Devices were characterized using drive-level capacitance profiling (DLCP) to 

quantify the changes in the defect density with reaction time. The DLCP derived defect densities are 

shown in Figure 5.5. Consistent with the I-V data and the EQE, we find that the defect density decreases 

with increasing reaction time. However, the overall defect concentration is still quite high even for the 

best devices.
1
 Again, some of the trend can be ascribed to changes in composition, but the 0.5-4 h All 

and 1-4 h Standard devices have similar compositions and yet we still see substantial reductions in the 

defect density with reaction time. The defect densities of the 4-24 h devices at 1 kHz are all 

approximately the same, but at 100 Hz, we see a significant reduction in the defect density of the 24 h 

device. At lower frequencies, deeper defects are able to respond, thus the DLCP data indicates that the 

Sn-rich 24 h device has a lower density of deep defects than the Zn-rich 4 h device. Again, this data 

conflicts with what is expected based on first principles calculations,
387

 but is consistent with the device 

performance and the photoluminescence data (discussed below). 

 

Figure 5.5 Change in the defect concentration as a function of reaction time for both Standard and 

All devices. Values were determined using drive-level capacitance profiling 

5.3.4 Absolute Intensity Photoluminescence 

The performance of the long reaction time devices becomes even more intriguing when we look at the 

steady state absolute-intensity photoluminescence (AIPL). AIPL is a powerful technique for evaluating 

the overall quality of a material without the complications of device making. The high-energy tail of the 

PL peak contains information about the quasi-Fermi level splitting (QFLS) which is the largest open-

circuit voltage a sample can produce at a given illumination. The low-energy tail of the peak contains 

information about local electrostatic potential fluctuations. Electrostatic potential fluctuations (EPFs) 

result from charged defects or defect clusters. EPFs cause sub-bandgap absorption tail and thus emission 

of light. In the PL spectrum EPFs manifests a redshifting of the PL peak maximum and a broadening of 
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the peak full-width-at-half-maximum (FWHM). A good material should have a large quasi-Fermi 

level splitting (Δµ), a narrow FWHM, and the peak maximum close to or above bandgap. The PL 

spectra and the extracted parameters are shown in Figure 6 and 7 for the different reaction time devices.  

As with the device parameters, we see improvement in the PL characteristics with reaction time. The 4 

and 24 h Standard were the highest efficiency devices, and we can see that they have the highest energy 

peak positions. However, despite having similar efficiencies, the 24 h sample has a much narrower 

FWHM, indicating reduced potential fluctuations, and a larger quasi-Fermi level splitting. This is 

consistent with the DLCP data, and indicates that the 24 h sample has fewer SRH-active defects.  

   

Figure 5.6 Typical absolute intensity photoluminescence spectra from the Standard devices (a) and 

comparison of the extracted quasi-Fermi level splitting to the measured Voc (b).  

 

As shown in Figure 5.6, we find a good correlation between Δµ and Voc. The largest deviations occur at 

short and long reaction times. The short reaction times, such as the 0.5 h Standard, have Voc’s lower 

than the Δµ, likely due to poor film quality and the large quantities of ZnSe that undoubtedly exist in 

such a Zn-rich film. ZnSe has not been found to produce non-radiative recombination sites but it will 

interfere with current flow,
288

 and has been correlated with reduced Voc in CZTS.
139, 289

 Interestingly, 

the 12 and 24 h reaction devices have the largest quasi-Fermi level splitting (Δµ), but we do not see this 

manifest as a higher Voc in the devices. Despite superior material quality, the Sn-rich devices may be 

degraded by a Sn-rich interface. In chalcopyrites, much work has been devoted to figuring out why Cu-

poor materials perform better despite the fact that Cu-rich materials have better optical and electronic 

properties.
388, 389

 A leading explanation is that Cu-poor absorbers form a more favorable interface with 

CdS.
10

 A similar mechanism could be at play here, but further investigation is needed. Few studies have 

focused on Cu-poor/Sn-rich kesterites, and to the best of our knowledge this is the first report of large 

quasi-Fermi level splitting in devices with Zn/Sn < 1. 
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Figure 5.7 Photoluminescence peak position and peak full-width-at-half-max (FWHM) for the 

Standard and All devices.  

5.3.5 X-ray Diffraction and Crystalline Domain Size 

Thus far all data has indicated that longer reaction times lead to lower defect densities, larger quasi-

Fermi level splitting, and thus better devices, but the question remains: why? The answer is found by 

examining the XRD data, shown in Figure 5.8. The most intense XRD peaks are all consistent with 

kesterite CZTSSe, but we are unable to distinguish secondary phases, such as a Zn(S,Se) due to the 

overlap of the most intense peaks with those of CZTS(e), an issue which is well documented in 

literature.
131, 133

 However, we do observe a number of minor peaks that are solely associated with the 

kesterite phase, and their relative intensities agree well with that of the diffraction standard (PDF #01-

070-8930). By analyzing the relative intensity of the CZTSe peaks we can conclude that any secondary 

phases that may be present do not have a strong contribution to the diffraction pattern. Evidence of a 

CuxSe phase is observed in the 0.125 h Standard, 0.25 h Standard, and 0.125 h All films, despite these 

films being very Zn-rich. Applying Vegards law, we calculate that the sulfur content is relatively 

consistent between samples at approximately 17%. Assuming an even distribution of the sulfur within 

the film, this should correspond to an optical band gap of 1.02eV.
195

 Comparing this value with the 

position of the PL data(Figure 5.7), we see that the peak maximum is well below bandgap, as we would 

expect with significant potential fluctuations.  
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Figure 5.8 XRD from selenized Standard (left) and All (right) inks. Peaks corresponding to 

secondary phases are only observed in the 0.125 Std and All samples. 

 

The most interesting result comes from looking at the changes in the FWHM of the primary CZTS 

diffraction peak. As shown in Figure 5.9, the crystalline domain size of the selenized film, determined 

using Scherrer’s equation, increases with reaction time, and is consistently 2-2.5 times as large as the 

diameter of the starting sulfide NCs (assuming the particles are spherical). From exchange of sulfur with 

selenium, we would expect a volume change of about 15%, so some interparticle sintering must occur, 

but the extent is approximately similar in all of the films. The SEM cross-sections show that there 

(Figure 5.3) there is some improvement in the apparent grain size and morphology with reaction time. 

The grains of the longest reaction times are larger and less faceted than those with shorter reaction 

times, but in all of the samples a significant un-sintered layer is present.  

 

Interestingly, the crystalline domain size calculated from Scherrer’s equations correlates very well with 

device efficiency, as shown in Figure 5.10. Samples with larger crystalline domain sizes have higher 

efficiency, suggesting that the grain boundaries act as a significant source of non-radiative 

recombination. This also explains why samples with longer reaction times exhibit comparable device 

performance, even when they have less favorable compositions. Longer NC reaction times lead to larger 

NCs; larger NCs lead to larger crystalline domains in the selenized film; and larger crystalline domains 

lead to fewer grain boundaries which are a source of detrimental defects. This conclusion would be 

consistent with previous theoretical calculations indicating that the grain boundaries of kesterites are not  
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Figure 5.9 Plot of the crystalline domain size determined using Scherrer’s equation showing the 

correlation with the size of the starting sulfide nanocrystals. We find that the size of the starting 

nanocrystal is proportional to the crystalline domain size in the film, indicating that limited interparticle 

sintering is occurring. 

 

as passive as those of chalcopyrites.
390, 391

 This suggests that a route to improving the efficiency of NC-

derived solar cells is to simply synthesize larger NCs. However, we must emphasize that this is not the 

only interpretation of the XRD data. The narrowing of the FWHM could also result from a reduction in 

crystallographic defects or strain. Additionally, because of the possible co-existence of secondary 

phases with overlapping XRD peaks, the narrowing of the peak FWHM could simply indicate a 

reduction in the presence of weakly crystalline secondary phases. From looking at the minor diffraction 

peaks, we know that the contribution of secondary phases is minor, but they may still contribute to the 

breadth of the peak. Elimination of these phases would likely also have a beneficial effect on the 

devices, and may also explain the increase in efficiency with narrowing FWHM.  

 

 

Figure 5.10 Plot of the crystalline domain size determined using Scherrer’s equation showing the 

correlation with power conversion efficiency (PCE) for the Standard (left) and All (right) devices. The 

correlation is consistent with theoretical predictions that the native grain boundaries are not passive. 
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5.4 CONCLUSIONS 

We have investigated how Cu2ZnSnS4 nanocrystal inks with different particle size, size distribution, 

average composition, and compositional heterogeneity impact the properties of the selenized absorber 

layer. We find that longer NC synthesis produce larger NCs, and larger NCs lead to larger crystalline 

domain sizes after sintering, a lower concentration of deep defects, and more efficient solar cells. The 

strong correlation between crystalline domain size and the defect concentration (and resulting device 

efficiency) suggests that grain boundaries are a significant source of non-radiative recombination. Thus 

to make high efficiency devices, grain boundary passivation techniques or NC synthesis and sintering 

methods that allow better grain growth will need to be developed. In contrast to previous reports, we 

find that the inclusion of small Sn-rich particles, leading to increased ink heterogeneity, has a slightly 

negative impact on device performance, but not on grain growth. Finally, we note for the first time large 

quasi-Fermi level splitting in devices with Zn/Sn < 1.  
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Chapter 6.  

COMBINATORIAL EXPLORATION OF THE EFFECTS OF INTRINSIC 

DEFECTS IN CU2ZNSN(S,SE)4  

6.1 INTRODUCTION 

Chapters 3 and 4 have highlighted a few of the many challenges associated with using nanocrystals 

(NCs) as precursors to bulk films. By studying the NC synthesis reaction we have been able to produce 

nanocrystals inks with controlled compositions and deposit a composition gradient using the ultrasonic 

spray coater. However, as we have shown in Chapter 4, even if NC inks have nominally similar 

composition, the efficiency of the resulting devices can vary significantly depending on how the inks 

were synthesized. This makes it difficult to decouple the effects of NC synthesis from the intrinsic 

defect properties. In addition, the use of nanocrystals for combinatorial experiments is undesirable for a 

number of other reasons: (1) the synthesis and washing/precipitation procedure is time consuming. (2) 

Different precursor ratios lead to different particle size distributions, and particle size may be very 

important for device performance (refer to Ch. 4). (3) Different particle size distributions lead to 

rheological differences between the inks, and as a result the spray coating parameters must be optimized 

for each ink. (4) Producing a homogenous film from particles of different compositions requires solid 

state diffusion which may or may not sufficiently occur during selenization. (5) The ligands are 

necessary to produce a stable ink, but they leave behind carbonaceous impurities that are very hard to 

eliminate. (6) It is difficult to incorporate dopants. Many salts such as NaCl are not soluble in non-polar 

solvents such as hexane or toluene and adding any other species to the synthesis could be very 

problematic. However, during this same time period our group made considerable progress in making 

devices using the “molecular precursor” route.  In contrast to the nanocrystal route, the molecular 

precursor inks can be made quickly, provide easy control of composition, have consistent rheological 

properties, mix at the molecular level, contain primarily volatile chloride impurities, and can easily be 

doped. Thus moving forward, I have exclusively used the molecular precursor route for combinatorial 

experiments.  

 

Drawing on years of research into Cu(In,Ga)Se2, the performance of kesterite devices has improved 

rapidly even though the materials themselves are still poorly understood. To further improve the 

efficiency, we must understand both the native defect chemistry, and how extrinsic species encountered 

during processing impact the resulting materials properties. Currently, the biggest problem facing 
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kesterite-based photovoltaics is their low open circuit voltage (relative to the detailed balance limit 

for their bandgap). This is clearly apparent even in the current world record 12.6% efficient CZTSSe 

device.
1
 A detailed balance using the AM1.5GT spectrum at 25 °C reveals that although the current 

world record device captures 81% of the theoretical maximum photocurrent, but only produces 58% of 

the maximum open circuit voltage. A low Voc can result from a number of problems including: (1) the 

presence of a high concentration of Shockley-Read-Hall (SRH) active defects (or a smaller 

concentration with high capture cross-section), (2) the presence of a high density of states in the gap that 

pin the Fermi level, (3) spatial compositional disorder that results in bandgap variations, (4) charged 

point defects that result in electrostatic potential fluctuations (EPFs), or (5) improper band alignment 

between device layers. Phenomena (1) through (4) may all be considered to reduce the optoelectronic 

quality of the material. However, (5) is quite different and is highly dependent on the choice of the other 

layers of the device and on the processing steps required to deposit them. Absolute intensity 

photoluminescence (AIPL) 
392

 provides a means to separate material quality from device fabrication and 

can quantify the presence of EPFs.  

 

There have been several PL studies on kesterite materials, but the majority of these investigations have 

been on single crystals of the sulfide grown at high temperature.
199, 207, 208, 393-395

 Far fewer studies have 

been carried out on device relevant thin film materials
3, 396-399

 or the higher efficiency selenides and 

mixed sulfoselenides.
3, 147, 400

 There have been PL studies looking at different S/Se ratios, but none 

which have systematically investigated the role of different cation ratios for the selenide, and only one 

with a large sample size for the sulfide.
399

 A key part of growing high quality compound 

semiconductors is managing intrinsic defects. For example, with CIGSe it is well known that the best 

devices are those grown Cu-poor, with Cu/(In+Ga) ~ 0.8.
401

 Such processing conditions favor the 

formation of the shallow acceptor VCu and the donor like defect InCu, which is passivated by the 

formation of the neutral defect complex [2VCu + InCu]. For kesterites, empirical optimization has shown 

that the most efficient devices are those made Cu-poor and Zn-rich.
281

 The composition is often reported 

in terms of the cation ratios Cu/(Zn+Sn) and Zn/Sn with the majority of high efficiency devices 

reporting ratios in the range 0.7-0.9 and 1.0-1.3, respectively.
243, 318, 378, 402

 The size of this range is 

surprising considering the narrow range of phase stability
403

 and because slight changes in composition 

can dramatically alter the favorability of defects and defect complexes.
194
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Figure 6.1 Ternary diagram showing the different Cu-poor composition regions. The green triangle 

indicates the region examined in greater detail here and shown in the figures. Stoichiometric is indicated 

by the black circle and is centered. The composition Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2 is indicated by 

the purple dot. 

 

Theoretical calculations predict that the sulfide and the selenide should have similar defect chemistry,
194, 

195, 387
 but experimental validation is still needed. Furthermore, with the exception of one recent study on 

CZTS,
399

 previous studies have been performed using traditional approaches (making uniform 

composition devices with different compositions). This approach is time consuming and experiments 

typically are composed of a relatively small number of samples. The inherent variability in sample 

processing and device fabrication can make it difficult to elucidate systematic trends, local maxima, 

minima, or narrow regions of interest. Here, we present the results of high-throughput experiments 

where we mix CZTS molecular precursor solutions to produce continuous composition gradients of 

CZTSSe. The gradients are analyzed using a customized confocal steady-state AIPL mapping 

instrument. In all, we have measured over 30,000 distinct AIPL spectra (6,000 unique compositions), 

allowing us to isolate the effect of each individual cation, clearly identify trends with composition, and 

locate the regions of composition with the best optoelectronic properties.  

Although commonly used for parameterizing the composition space, the two atomic ratios Cu/(Zn+Sn) 

and Zn/Sn do not have a strong physiochemical basis and are problematic since they hides the fact that 

even for Zn/Sn<1, the material may still be Zn-rich. This is seen schematically in Figure 6.1 where three 

distinct Cu-poor regions (all with Cu2Se/(ZnSe+SnSe2) < 0.5) are shown: (1) Zn-poor and Sn-rich where 

ZnSe/(Cu2Se+SnSe2) < 0.5, Zn-rich and Sn-poor where SnSe2/(Cu2Se+ZnSe) < 0.5, and a Zn-rich and 

Sn-rich region where both SnSe2/(Cu2Se+ZnSe) > 0.5 and ZnSe/(Cu2Se+SnSe2) > 0.5. Thinking about 

the composition space in these terms is useful and may be more easily connected with expectations 

about predominant defects. However, we note that there are many ways of classifying composition, 
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particularly in a quaternary material that undoubtedly has significant cation disorder and co-existing 

binary phases. We have chosen to plot the measured data on ternary diagrams in terms of the mole 

fraction of the most thermodynamically favored binaries (Cu2Se, ZnSe, and SnSe2), but one may also 

consider either site-weighted ratios, which are the same as the atomic ratios like Sn/(Cu+Zn), or  charge-

weighted ratios like 4Sn/(Cu+2Zn). This leads to slight changes in the composition boundaries (e.g. the 

transition from Cu-poor/Zn-rich/Sn-rich to Cu-poor/Zn-poor/Zn-rich), but we find that it does not 

change the interpretation of our data. 

 

 

Figure 6.2 Theoretical AIPL with the same bandgap (Eg=1.0 eV), same local lattice temperature (T 

= 300K), and the same quasi-Fermi level splitting (Δµ = 0.6 eV) but using two different models for 

absorption coefficient. The dashed blue line is the absorptivity for an ideal direct gap semiconductor 

(absorption coefficient equal to zero below bandgap and with square-root dependence above gap), and 

the dashed red line corresponds to equation 4 with θ=1.25 and γ=35 meV. The solid lines are the 

calculated AIPL from equation 2.  

 

6.2 THEORY 

Shockley and Queisser 
404

 established the connection between the radiative emission of a solar cell and 

its efficiency. They showed that the larger the magnitude of the radiative photoemission (in the absence 

of sub-bandgap states), the better the material for photovoltaics. Non-radiative recombination of 

photoexcited electrons and holes is deleterious. Assuming that the material is in quasi-thermal 

equilibrium, there is a connection between the absorption coefficient and the photoemission. This is an 

extension of Einstein’s work but was first articulated for volumetric-based internal spontaneous 

emission from band-band transitions at an “effective temperature” by van Roosbroeck and Shockley.
405

 

Lasher and Stern
406

 noted that this could be written in terms of an actual lattice temperature and a quasi-
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Fermi level splitting. Würfel modified this to account for external emission from the surface into the 

2𝜋 sterad above the surface.
407

 This is important since it alleviates the need to worry about photon 

recycling. Now, accounting for occupation of the bands,
408

 an expression may be written in terms of the 

density-of-states based absorption coefficient, local lattice temperature, and occupation probabilities for 

each band: 

𝐼𝑃𝐿(𝐸) =
2𝜋

ℎ3𝑐2

𝐸2(1−𝑒𝑥𝑝(−𝛼0𝐾(𝐸)(𝑓𝑉−𝑓𝐶)𝑑))

𝑒𝑥𝑝(
𝐸−∆𝜇

𝑘𝑇
)−1

        (1) 

In cases where the material is not degenerately doped, this equation simplifies to an expression that is 

dependent on the density-of-states based absorption coefficient, local lattice temperature, and a single 

quasi-Fermi level splitting:
409

 

𝐼𝑃𝐿(𝐸) =
2𝜋

ℎ3𝑐2

𝐸2𝛼0𝐾(𝐸)𝑑

𝑒𝑥𝑝(
𝐸−Δ𝜇

𝑘𝑇
)−1

(1 −
2

𝑒𝑥𝑝(
𝐸−Δ𝜇

2𝑘𝑇
)+1

)       (2) 

For cases where the energy difference between the equilibrium Fermi level the band edge is greater than 

5 kT, this expression is accurate within a few percent. Further, when the emission is at energies ~ 3kT 

greater than (E –Δµ), the above expression simplifies to the Lasher-Stern-Würfel (LSW) equation with 

good accuracy: 

𝐼𝑃𝐿(𝐸) =
2𝜋

ℎ3𝑐2

𝐸2𝛼0𝐾(𝐸)𝑑

𝑒𝑥𝑝(
𝐸−Δ𝜇

𝑘𝑇
)−1

          (3) 

The missing element necessary to use the LSW equation to fit AIPL data is the functional form of the 

absorptivity. Further, in all but the highest quality semiconductors, the PL peak position occurs below 

bandgap. Thus, in order to use (1), (2), or (3), we require a model of sub-bandgap absorption. Recently, 

a generalized model of absorption that incorporates sub-bandgap absorption (while remaining agnostic 

about the origin of the sub-bandgap states) was reported.
409

 Drawing inspiration from Kane’s semi-

classical model for the density of states in the presences of disorder, the model convolutes an ideal 

density of states absorption coefficient with an exponential decay at energies below bandgap. With 

proper normalization, the absorption coefficient is given by: 

𝛼(𝐸) =
𝛼0

𝛾2Γ[1+1/𝜃]
∫ (𝑒𝑥𝑝 (− |

𝑢

𝛾
|

𝜃

) √(𝐸 − 𝐸𝑔) − 𝑢) 𝑑𝑢
∞

−∞
      (4) 

Here, γ and θ characterize the sub-bandgap absorption. The denominator in (1-3) drives the PL to 

increase exponentially with decreasing energy. It is the convolution with the exponential decay in the 

absorptivity below bandgap that produces a PL peak. As an illustration of the effect of non-zero sub-

bandgap absorption coefficient, we show the calculated PL using (2) with the same quasi-Fermi level 

splitting but with two different absorption coefficients, one ideal and one based on (4) with sub-bandgap 
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absorption (Figure 6.2). The PL peak for the ideal case of no sub-bandgap absorption is highly 

asymmetric, located about 10 meV above bandgap, and has a sharp low energy cut off of emission at the 

band gap where the absorption and thus emission is zero.  However, in real materials, disorder creates 

sub-bandgap absorption. For cases where the correlation length of the disorder is small (e.g. amorphous 

materials or thermal disorder in crystalline materials), the sub-bandgap absorption is characterized by an 

Urbach model (corresponding to θ=1 in (4)). However, charged point defects can create more sub-

bandgap absorption. These charged point defects (or defect clusters) create locally varying electric 

fields. This is referred to as electrostatic potential fluctuations (EPFs). The semi-classical model of this 

type of disorder (Thomas-Fermi) is captured by (4) with θ=2. For situations with tunneling, a screened 

Thomas-Fermi model results in θ =1.25. For all of these cases, the PL peak is shifted to energies below 

bandgap and the FWHM increases. Thus for a given material system with constant bandgap, the better 

quality material is the one which has a higher energy peak position and narrower full-width-at-half-

maximum (FWHM). Note that the increased PL peak intensity observed for the case of sub-bandgap 

absorption in Figure 6.2 results from the fact that the QFLS has been artificially kept constant. In real 

materials, we would expect the sub-bandgap absorption from disorder to reduce the QFLS. So long as 

the assumption of quasi-thermal equilibrium is valid and the PL arises from band-band or free-bound 

transitions, (4) can be combined with (1), (2), or (3) and used to fit an experimental AIPL spectrum to 

determine Eg, T, Δµ, θ, and γ. These data can then be used to understand the inherent optoelectronic 

quality of the material without making a photovoltaic device. 

 

 

Figure 6.3 Two examples of full spectrum photoluminescence peak fitting showing excellent 

agreement between the experimental data and the peak fits.  
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6.3 EXPERIMENTAL 

Molecular precursor inks are formed by dissolving copper, zinc, and tin precursors with thiourea in 

DMSO similar to previous reports 
28

. Here, we use all anhydrous chloride precursors for the metals. 

Specifically, we use copper(II) chloride (99.999%), zinc(II) chloride (99.999%) and tin(II) chloride 

(99.99%). A gradient is deposited using a custom built ultrasonic spray coater where the liquid feed to 

the nozzle is set by an array of computer controlled syringe-pumps. Following deposition, the films are 

selenized at 540 °C in a graphite box with elemental selenium pellets 
410

. Once the films have cooled 

they are immediately coated with 50 nm of CdS using chemical bath deposition. The CdS layer is 

included in standard processing because previous work on chalcopyrites 
264, 295

 and kesterites 
263

 has 

found it acts as a protective layer preventing degradation. However, previous work has also shown that 

the CdS alone does not create an n++-p junction, and thus does not create significant electric field in the 

absorber 
264

. EDS was used to determine the composition profile along the length of each spray line by 

measuring at least 2 distinct sections on each line segment and averaging collections from multiple 

regions (>500μm
2
) within those areas. The composition at intermediate points was calculated using a 

linear interpolation between measured points. The EDS does not provide a highly accurate measure of 

the S/Se ratio due to the overlap of Mo and S lines, the presence of a protective CdS layer, and 

formation of MoSe2.  AIPL maps were collected using a modified Horiba LabRam confocal steady-state 

photoluminescence instrument that was calibrated with a NIST-calibrated blackbody source for each 

optical set-up. Each AIPL spectrum is collected over a 110x110 µm area using 785 nm laser excitation 

at approximately 10 suns intensity (accounting for concentration through the objective lens). The peak 

position and full-width at half-maximum (FWHM) are extracted directly from the measured AIPL 

spectra. The spectra are then fit to (2) using (4) to extract the quasi-Fermi level splitting, bandgap, and 

the sub-bandgap absorption. Further details about the AIPL instrument, the measurement technique, the 

generalized theory of absorption with sub-bandgap features, and its connection to AIPL have been 

reported elsewhere. 
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Figure 6.4 Maps of the data extracted from photoluminescence spectra. Each point on the map 

represents an AIPL spectrum. The (a) peak position and (b) peak full-width at half maximum (FWHM), 

and the (c) quasi-Fermi level splitting (QFLS). The R-squared value from full spectral fit is shown in 

part (d). 

 

 

Figure 6.5 Extracted PL parameters from a spray line with constant composition. This data sets the 

baseline for the maximum expected variability of our processing procedure. 

 

6.4 RESULTS AND DISCUSSION 

6.4.1 Fitting the AIPL Spectra and Establishing Error 

To set a baseline of variability for our standard processing, we have deposited a spray line from a single 

ink with a constant composition. A plot of this data is included shown in Figure 6.5. The extracted PL 

parameters for this gradient show that there is indeed some variability along the spray line, but that the 

variation is small relative to the trends we see with composition variation. In the peak position, full-

width-at-half-maximum, quasi-Fermi level splitting, and bandgap we see a maximum range (standard 

deviation) of 41 meV (10 meV), 21 meV (4 meV), 49 meV (11 meV), and 55 meV (18 meV), 
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respectively. Thus we should be able to reliably determine even small changes in material properties 

resulting from variation in the cation ratios. An example of the full spectrum fitting is shown in Figure 

6.3 for two different PL peaks. Here we see that the algorithm produces an excellent fit of the 

experimental data. In addition, an example of a gradient showing clear changes in the PL parameters is 

shown in Figure 6.4.  

 

Figure 6.6 (a) Composition of a spray line before (solid points) and after selenization (hollow points) 

(b) Ternary diagram showing Sn-loss following selenization. Note that in both cases as the Cu-content 

decreases, the Sn-loss increases 

 

6.4.2 Tin Loss During Selenization 

To determine the final composition of the film, we have measured the composition of the spray lines 

following selenization using EDS. However, we emphasize that the measured composition is that of the 

film, and it is not necessarily that of an individual crystalline domain. The film may be grown under Cu-

poor conditions, but the composition of any domain in the polycrystalline film is not necessarily the 

same since we cannot exclude the presence of secondary phases.  For example, we should expect 

significant quantities of Zn(S,Se)e  may form when Zn/Sn > 1, given the narrow range of phase stability 

for kesterite 
24, 403

. In addition, as has been previously documented in literature 
150-152

, the films exhibit a 

notable degree of Sn-loss during the annealing (selenization) process. Figure 6.6ab show the measured 

composition of two different spray lines before and after selenization. In Figure 6.6a, the data is shown 

in terms of the cation ratios Cu/(Zn+Sn) and Zn/Sn; in Figure 6.6b, the change is shown on a ternary 

diagram. We demonstrate here, for the first time, a strong Cu-dependence on the Sn loss. As the Cu-

content or Cu/(Zn+Sn) ratio decreases the Sn-loss during annealing increases, suggesting that the Cu 
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plays an important role in binding the Sn and preventing evaporation. To produce gradients with a 

flat Zn/Sn profile after selenization, the composition of the starting inks must be adjusted to compensate 

for this loss. For very Cu-poor samples, this may mean that the as-deposited film is actually Sn-rich, 

even though the selenized film is Zn-rich.  

 

  

Figure 6.7 Plot of the PL peak position (a) as a function of composition (b) for select Zn/Sn ratios 

with varied Cu/(Zn+Sn). 

6.4.3 PL Peak Position and FWHM as a Function of Composition 

To clearly show how each individual cation impacts the optoelectronic properties, we have plotted the 

extracted PL parameters on ternary diagrams. To aid in the interpretation of this data, we have included 

labels for the regions shown in Figure 6.1 as well as a dot indicating stoichiometric  Cu2ZnSnSe4 (white) 

and the commonly cited optimum composition Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2 (purple).  

 

As expected, we see significant changes in the PL parameters with composition. For example, Figure 

6.7 shows a plot of the peak position as a function of composition. In this plot, we see that the most Cu-

poor samples have the highest energy peak positions, while samples closer to stoichiometric have peaks 

located at lower energy. The change in peak position most closely follows changes in Cu-content, while 

changes in either Zn or Sn content have a minimal impact. The red-shifting of the peak with increasing 

Cu-content could be the result of increasing magnitude of EPFs. However, if that were the case, we 

would expect the peak to also simultaneously broaden. Looking at the peak full-width-at-half-maximum 

(FWHM), shown in Figure 6.8, we see that this is not the case.  For most compositions, the FWHM is 
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approximately 150-160meV, with two notable exceptions: a narrow region near Cu/(Zn+Sn) = 0.8 

and Zn/Sn = 1.2 (26-30 mol% Cu2Se) where the peak narrows by approximately 10-20meV, and the 

regions with the highest Cu-content. In the latter case, we find that the peaks broaden significantly just 

prior to complete quenching of the PL signal. In this case, the broadening is accompanied by a red-

shifting of the peak as shown in Figure 6.7. This is consistent with what we would expect for an 

increase in the magnitude of the EPFs, and indicates a significant increase in the defect density at nearly 

stoichiometric quantities of copper. These trends can be clearly seen in Figure 6.7b and Figure 6.8b, 

where the Position and FWHM are plotted as a function of the Cu/(Zn+Sn) ratio for 5 different Zn/Sn 

ratios. 

 

Figure 6.8 Plot of the PL peak FWHM (a) as a function of composition (b) for select Zn/Sn ratios 

with varied Cu/(Zn+Sn). 

6.4.4 Bandgap and Sub-Bandgap Absorption from Fitting AIPL 

Using our full spectrum fitting algorithm, we can also determine the energy of the optical transition 

from the PL data. Assuming that the PL signal originates from band-band recombination, which is 

favored at room temperature, the transition energy is the same as the bandgap. However, if there are 

large defect populations the transition energy may reflect a band-acceptor or donor-band (free-to-bound) 

transition. For the purpose of discussion here, we will simply refer to the energy of the optical transition 

as the bandgap. The bandgap is shown as a function of composition in Figure 6.10.  Here we see that the 

trends in the bandgap very closely follow the trends in the peak position. Decreasing the Cu-content 

leads to an increase in the bandgap, while changes in the Zn or Sn content have little effect. At 

compositions near stoichiometric, the measured bandgap is approximately 0.95eV, in agreement with 

theoretical predications for the selenide 
195

 and electro-reflectance measurements 
118

, but as the Cu-

content is decreased, the bandgap increases, reaching values as high as 1.10eV. Because the material is a 
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sulfoselenide, it is possible that the changes in the bandgap result from variation in the S/Se ratio, 

but we do not observe any systematic trends in the S/Se ratio that could account for this behavior. 

However, we note that EDS does not provide a very accurate measure due to the presence of both 

MoSe2 and a protective CdS layer. A ternary diagram showing the S/(S+Se) ratio is provided in Figure 

6.9 for reference. 

 

Figure 6.9 S/(S+Se) ratio determined from EDS for the different composition points. The S/Se ratio 

remains approximately constant over the majority of compositions measured. The increased Se content 

at high Cu-content likely results from the formation of CuxSe. 

 

 

 

Figure 6.10 Plot of the bandgap, as determined from full spectrum PL fitting, (a) as a function of 

composition on a ternary diagram and (b) as a function of the Cu/(Zn+Sn) ratio at constant Zn/Sn ratio.  
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To test the accuracy of the fitted bandgap, we spin coated 4 samples with varying Cu-content on 

quartz substrates and characterized them using UV-Vis-NIR absorption in an integrating sphere. Figure 

6.11 compares the band gap determined by linear extrapolation of the absorption onset (absorbance 

squared verus energy) to that determined by fitting the PL spectra. In general, we see excellent 

agreement between the two values, though we note that the bandgap as determined by PL measurement 

is systematically larger (5-20 meV) than that from the absorption measurements. This small offset may 

be due to a Burstein-Moss shift 
411, 412

 that exists because since we have not accounted for the 

occupation probability in the PL model (by use of (2) or (3) above). However, just as we saw in the 

composition gradients, the bandgap increases with decreasing Cu-content. These changes are consistent 

with previous work using spectroscopic ellipsometry on CISe 
143

 which found that the bandgap 

increases with decreasing Cu-content. Because the VBM in CISe results from the repulsive interaction 

of Cu-3d and Se-4p states, Cu-vacancies cause the VBM to decrease 
192

. The VBM of kesterites also 

results from Cu-3d chalcogen-4p repulsion 
159

, thus we should expect that Cu-vacancies will have the 

same effect in both CZTS and CZTSe. Further, Cu-poor/Zn-rich conditions favor the formation of the 

defect complex [VCu + ZnCu] which is predicted to have band edges above those of CZTSe 
387

. Thus, 

these data show that the changes in the peak position with composition primarily result from changes in 

bandgap not from changes in the magnitude of EPFs. In addition, the fact the bandgap determined from 

PL is slightly higher than the bandgap determined by optical absorption supports the fact that the PL 

arises from a band-band transition as opposed to free-bound transition or a quasi-donor-acceptor pair. 

 

Figure 6.11 (a) Absorbance onset of CZTSSe samples on quartz substrates and (b) comparison of the 

PL derived bandgap to the bandgap determined by extrapolating the linear onset of absorption in (a).  

 

To characterize how the EPFs vary with composition, we have calculated the average sub-bandgap 

absorption, as shown in Figure 6.12. Because the energy broadening parameter (γ) and the exponent (θ) 
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are strongly inter-dependent, it is most useful to look at changes in the magnitude of potential 

fluctuations by comparing their average sub-bandgap absorptivity, defined by (5). 

�̅�𝑆𝐵 =
1

𝐸𝑔
∫ 𝑎(𝐸)𝑑𝐸

𝐸𝑔

0
          (5) 

Consistent with the previous data, we find that the average sub-bandgap absorptivity does not change 

significantly with composition Starting from a very Cu-poor composition, both γ and θ increase slightly 

with increasing Cu-content leading to nearly constant magnitude of sub-bandgap absorptivity of 

approximately 0.04 to 0.05. The value increases at compositions with near stoichiometric amounts of 

Cu, consistent with an increase in the magnitude of EPFs, and decreases slightly at very Cu-poor 

compositions. Typical values of γ and θ are 40meV and 1.25-1.30, respectively. The value of θ is closest 

to that predicted by the screened Thomas-Fermi model. This may indicate thatelectron tunneling 

through potential barriers is an important factor. However, other  electronic or optoelectronic 

phenomena such as photon-assisted tunneling from valence band to conduction band (an internal Franz-

Keldysh effect) may be present as well. There is no clear one-to-one mapping between the value of θ 

and a specific model. However, most of the models that include tunneling yield values of θ close to 

those observed here. Thus, this may also point to the presence of tunnelling-enhanced recombination 

between charged defects. This would explain the relatively high diode quality factors observed in 

current-voltage measurements. Further work is being conducted to precisely understand interpretation of 

these parameters. 

 

Figure 6.12 Plot of the average sub-bandgap absorptivity as a function of composition. 
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6.4.5 Quasi-Fermi Level Splitting and Optoelectronic Quality from AIPL 

Figure 6.13 shows the quasi-Fermi level splitting (QFLS) as a function of composition. On the ternary 

diagram, we see that the changes in QFLS most closely follow changes in the Cu-content, while changes 

in either ZnSe or SnSe2 content have only a minor impact. As the Cu-content is increased from very Cu-

poor, it remains approximately constant up until about 29 mol% Cu2Se, after which it begins slowly 

decaying. At approximately 31 mol% Cu2Se the QFLS completely decays. This can clearly be seen in 

Figure 6.13b, where the QFLS is plotted as a function of the Cu/(Zn+Sn) ratio for 5 different Zn/Sn 

ratios. From this data, we can also see that as the Zn/Sn ratio increases, the onset of QFLS decay is 

shifted to lower Cu/(Zn+Sn) ratio. Comparing this data to the same data plotted on the ternary diagram, 

we see that this is merely an artifact of using the cation ratios Cu/(Zn+Sn) and Zn/Sn, not a result  of the 

overall Zn-content. The region where the QFLS begins rapidly decaying corresponds with the red-

shifting of the peak, an increase in the FWHM, and an increase in the sub-bandgap absorption indicating 

that this decay results from an increase the concentration of charged point defects, and thus EPFs. 

Beyond this region, the photoluminescence is too weak to be detected, and thus no PL parameters can 

be extracted. Interestingly, in Cu-gradients, just prior to the degradation, we consistently observe a 

narrowing of the FWHM and a dip in the peak position, bandgap, and QFLS. This behavior can clearly 

be seen in Figure 6.7b, Figure 6.8b, 8b, and Figure 6.13b. It is unclear what the source of this behavior 

is, but it may be indicative of the onset of CuxSe formation. During annealing CuxSe can aid in grain 

growth, however, if significant quantities remain after annealing, it will strongly degrade the 

optoelectronic properties. 

 

Despite the strong dependence on Cu-content, the QFLS does not change significantly between growth 

under Sn-rich and Sn-poor conditions so long as the absorber is Cu-poor and Zn-rich. However, the 

QFLS is very small under Cu-poor/Zn-poor/Sn-rich conditions, indicating that the absorber can tolerate 

excess Sn only when there is also excess Zn. This may be due to the formation of uncompensated SnZn 

anti-site defects, which can be passivated through forming the defect complex [ZnSn+SnZn] when excess 

Zn is present or from a sharp rise in the population of [2CuZn+SnZn] which is expected under Zn-poor 

conditions 
387

. We have attempted to deposit films with higher Sn content to probe how the 

optoelectronic properties change under Cu-poor/Sn-rich conditions in the transition from Zn-rich to Zn-

poor conditions, however, due to significant Sn-loss, this was not possible. 
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Figure 6.13 Plot of the QFLS (a) as a function of composition on a ternary diagram and (b) as a 

function of the Cu/(Zn+Sn) ratio at constant Zn/Sn ratio. 

 

Because of the changes in the bandgap, comparing the QFLS of samples with different composition 

does not give an accurate representation of optoelectronic quality. To test how the materials with 

different composition compare, we have used the extracted bandgap to normalize the QFLS to the 

maximum theoretical QFLS determined using a detailed balance at 10 suns illumination 

(QFLS/QFLSmax). As shown in Figure 6.14, the materials that achieve the highest QFLS relative to the 

detailed balance limit are those with less than 29 mol% Cu2Se. As the Cu-content is increased from this 

value, we find a significant decrease in the performance, further demonstrating that Cu-related defects 

play a critical role in determining material quality. However, based on this data alone, we cannot 

unambiguously determine the cause of the increase in QFLS with decreasing Cu-content. If the changes 

in bandgap result from a decrease in the valence band maximum (VBM), then the quasi-Fermi level for 

holes may also shift downward if the acceptor levels move with the band edge, increasing the QFLS. 

Because the overall optoelectronic quality (QFLS/QFLS
SQ

) increases faster than the bandgap increases, 

there would also have be an increase in the quasi-Fermi level for electrons in the CB, indicating a 

reduction in electron trapping defects. Alternatively, if the acceptor levels do not move downward with 

the band edge (and since we expect a large concentration of acceptor-like defects), the quasi-Fermi level 

for holes could be pinned. As the VBM decreases, the acceptor would become deeper (closer to midgap 

from the VBM). This behavior would be consistent with work on disordered CZTS which found that as 

the Cu/Sn ratio was decreased, the energetic position of the dominant acceptor increases 
413

. If this were 

the case, then all of the gains in QFLS would have to result from an increase the quasi-Fermi level for 

electrons, and thus a decrease in electron trapping defects. Determining the exact source of the gains is 
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important for further improving materials properties, but further study is necessary to elucidate the 

exact origin.   

 

Figure 6.14 Plot of QFLS relative to the maximum possible QFLS as determined by a detailed 

balance calculation using the bandgap shown in Figure 6.10 and the measured illumination intensity. 

This parameter is means of comparing the optoelectronic quality of materials with different bandgaps.  

 

Comparing our data to the predicted defect populations, we see good agreement between the decay of 

the optoelectronic quality (QFLS/QFLS,max shown Figure 6.14.) and the predicted onset of 

[2CuZn+SnZn], which is expected to form in significant quantities (10
16

) even under slightly Cu-poor/Zn-

rich/Sn-poor conditions 
387

. However, the degradation in the optoelectronic quality is stronger than we 

would expect based on the predicted energy level of this defect within the bandgap. This could be 

explained if the [2CuZn+SnZn] defect has a particularly large capture cross section or alternatively by the 

formation of defects such as CuSn, [CuSn+SnCu], or [CuSn+SnCu]
+
 which create states deeper within the 

gap, but are not predicted to be as favorable. The fact that we do not see significant degradation under 

very Cu-poor, Zn-rich, or Sn-poor conditions confirms that ZnSe and the defect complexes [VCu + ZnCu] 

and [ZnSn + 2ZnCu] are not particularly detrimental. However, for actual photovoltaic devices, extremely 

Cu-poor and Zn-rich conditions may lead to charge carrier transport issues (reduced mobility) due to co-

existing ZnSe 
288

.  
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Figure 6.15 Device parameters from a composition gradient that was processed into solar cells. Note 

the very close agreement between the QFLS determined by fitting the AIPL to equation 2, using 

equation 4, and the measured Voc from devices. 

6.4.6 Photovoltaic Devices from a Composition Gradient and Comparison to AIPL 

To further validate the accuracy of the full spectrum PL fitting algorithm, and to ensure that the 

extracted QFLS accurately represents the open-circuit voltage, we have processed some of the spray 

lines into complete devices using the architecture SLG/Mo/CZTSSe/CdS/i-ZnO/ITO. The devices were 

measured under simulated AM1.5G illumination. A sample Cu-gradient is shown in Figure 6.15, where 

we show that the extracted QFLS qualitatively and quantitatively reproduces the measured trends in 

Voc. This demonstrates that our instrument has been properly calibrated and that we can clearly and 

precisely resolve trends in the open-circuit voltage using PL. Similar to what we observe in the 

photoluminescence data, as the film becomes Cu-poor, the material quality improves dramatically. The 

highest efficiency device from the spray line measures at 7.5% power conversion efficiency, the highest 

value reported for a spray-coated device, and comparable to previous reports of 8.3% efficient from spin 

coating 
247

.  
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6.5 CONCLUSIONS 

We have systematically investigated native defect chemistry of CZTSSe by depositing continuous 

composition gradients and characterizing the films with absolute intensity photoluminescence. 

Consistent with previous reports, we find the highest optoelectronic quality material is obtained under 

Cu-poor and Zn-rich growth conditions. We show that this is true regardless of whether the film is Sn-

rich or Sn-poor relative to stoichiometric. As the composition is changed, we see the most significant 

changes with variation in the Cu-content. From stoichiometric, as the Cu-content is decreased, the peak 

shifts to higher energy, narrows, and the QFLS increases. Initially these changes lead to an overall 

improvement in the optoelectronic quality of the material as indicated by the QFLS relative to the 

detailed balance limit (QFLS/QFLS
SQ

), but beyond 29 mol% Cu2Se, the gains in QFLS are entirely 

offset by the change in bandgap that occur with decreasing Cu-content. We attribute the changes in 

bandgap to reduced Cu-3d Se-3p repulsion resulting from to the large quantities of copper vacancies 

that are expected to form under Cu-poor conditions, similar to what has been observed in CISe. Based 

on this, we propose two possible mechanisms by which the QFLS increase, both of which require that 

the quasi-Fermi level for electrons moves closer to the conduction band, indicating that very Cu-poor 

conditions may lead to a reduction of defects in the gap in between midgap and the CBM. Comparing 

the changes in PL parameters to theoretical calculations of defect populations we find that the decay of 

optoelectronic quality with increasing Cu-content is consistent with the predicted onset of [2CuZn + 

SnZn]. However, the decay is stronger than expected based on the predicted defect energy, and may 

indicate a particularly large capture cross section. The magnitude of sub-bandgap absorption was found 

to be approximately constant at all compositions suggesting that the defects that lead to electrostatic 

potential fluctuations may result from intrinsic disorder within the absorber (CuZn and ZnCu antisite 

defects) and may not be eliminated through manipulation of the composition alone. However, by 

altering the thermal profile and cooling rate, it may be possible to affect these populations. Through 

optimization of the cation ratios, we have observed QFLS as large as 69% of the theoretical limit. This 

bodes well for the ability to incrementally increase the Voc.  However, to reach commercially viable 

efficiencies, we will need to find ways to further reduce defect densities. For established thin film 

technologies CIGSe and CdTe, this has been done by finding extrinsic dopants which can passivate 

intrinsic defects, thus we propose a similar strategy here. 

  



 

 

117 

Chapter 7.  

COMBINATORIAL EXPLORATION OF 

 GERMANIUM ALLOYED KESTERITES  

7.1 INTRODUCTION 

The current world record CZTSSe device and most of the highest efficiency devices have been those 

containing primarily selenium (with less than 20% S/(S+Se). The best reported pure sulfide device is 

only 9.1% efficient,
414

 while the world record device is 12.6% efficient.
1
 This may be due to superior 

defect chemistry of the selenium containing compounds.
194, 195

 However, higher selenium content 

materials have smaller band gaps, 
161, 195

 which is less desirable from a balance-of-systems perspective.  

One method for increasing the band gap of kesterite materials is to alloy with germanium, 

forming Cu2Zn(SnxGe1-x)Se4. By doing this the band gap can be continuously varied from about 1.0 to 

1.5 eV,
30, 178

 the optimum range for photovoltaic devices. Analogous to gallium alloying on the indium 

site in CuInSe2,
415

 germanium alloying on the tin site in Cu2ZnSn(S,Se)4 may also provide a means to 

reduce the defect density and create a back-surface field.
30

 However, the Ge-containing kesterites, have 

been much less studied than their tin-containing relatives. This may be partly due to a perception that 

germanium is a less viable material for earth-abundant PV. Germanium is not a primary metal like tin, 

but rather a by-product of zinc production.
37

 However, both Ge and Sn have similar abundance in the 

earth’s crust. U.S. Geological Survey notes that “the amount of germanium potentially recoverable from 

coal fly ash is essentially unlimited”, but demand for germanium has been too weak to prompt large-

scale production from coal ash.
37

 

Here we present a composition-spread study looking at the effects of Ge-alloying on the properties of 

sulfoselenide kesterites. Using spray-coated composition gradients, we show that there are significant 

losses in the optoelectronic properties at Ge-concentrations higher than about 50% Ge. We use absolute 

intensity photoluminescence (AIPL)
416

 to show that the degradation at high Ge-content results from 

both unfavorable band alignment and a deep defect near 0.8 eV. However, we also show that the deep 

defect can be passivated after ageing in ambient conditions, leading to improvements in the Voc as large 

as 227 mV (an 84% increase). After ageing, devices from spray-coated layers reach efficiencies as high 

as 11.0%, which is the highest reported value for any Ge-containing kesterite.  
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Figure 7.1 (a) Photograph of molecular inks containing dissolved copper and germanium species in 

either DMF or DMSO. (b) The same inks shown inverted 12 hours after the addition of thiourea. The 

DMSO ink has formed a rigid gel. (c) Photograph of an ink made using GeBr2. The vial is shown 

inverted to show that the ink has gelled. 

7.2 GERMANIUM INK FORMULATION 

Several previous publications have demonstrated means to produce thin films of CZTGSSe, but these 

approaches have been primarily limited to nanocrystal
30, 110, 417, 418

  or hydrazine
173

 based techniques.  

Here we present a means to deposit films of CZTGSSe using a simple, non-toxic molecular ink. These 

inks allow for easy compositional tuning, have near 100% materials utilization, and can be easily scaled. 

We have previously reported formulating CZTS molecular inks by dissolving Cu(II)(OAc)2·H2O, ZnCl2, 

SnCl2·2H2O, and thiourea in dimethyl sulfoxide.
28

 The formulation of these inks relies on the redox 

reaction 2Cu(II) + Sn(II)  2Cu(I) + Sn(IV) to generate species with the proper oxidation state.
419

 

However, attempts to replicate this chemistry using GeBr2, GeI2, or GeCl2:dioxane instead of 

SnCl2·2H2O have proven unsuccessful. Although the germanium halides all have reasonable solubility 

in DMSO, the completed inks are not stable. Over time, they turn dark red-brown, gel, and form needle-

like precipitates, an example of this is shown in Figure 1b and 1c. Similar behavior is also observed 

when the proper oxidation state precursors (no redox reaction required) Ge(IV)Cl4 and Cu(I)Cl are used.  
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Figure 7.2 The composition of the gradient before and after selenization. Values were determined 

using EDS. 

 

However, by substituting dimethyl formamide (DMF) for DMSO, a stable solution can be made using 

either GeCl2:dioxane or GeBr2. GeI2 forms a translucent yellow solution, but precipitates are clearly 

present. It is also possible to form a stable solution using the proper oxidation state precursors 

Ge(IV)Cl4 and CuCl in DMF, as shown in Figure 1b. Using precursors with the proper oxidation state is 

appealing in that it eliminates the need for the redox reaction to occur between Cu(II) and Sn(II). The 

redox reaction takes time to complete; may proceed to varying degrees depending on the concentration, 

time, temperature,  etc.; and cannot proceed to completion when formulating off-stoichiometric inks 

(e.g. when Cu/Sn ≠ 2).  The use of Ge(IV)Cl4 instead of Ge:Cl2:dioxane also avoids the addition of 

dioxane (which is necessary to stabilize the GeCl2), but because it is a fuming liquid precursor 

additional safety measures are required to handle it. These considerations may ultimately be important 

for process design, but the current experiments suggest that high quality material may be grown 

from DMF-based inks using either Cu(II) plus Sn(II) or Cu(I) plus Sn(IV) precursors (see Figure S2). 

Examples solutions after adding the copper precursor and after ageing the completed solution for 1 

week are shown in Figure 1. In the present study, we used the proper oxidation state  precursors 

Cu(I)Cl, Zn(II)Cl2, Sn(IV)Cl4, and Ge(IV)Cl4 in DMF.   
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Figure 7.3 a) Change in the photoluminescence peak as a function of Ge/(Ge+Sn); b) Map of the PL 

peak position showing the onset of the low energy peak. The Sn-concentration increases from left to 

right along the length of the gradient; c) Increase in the absolute intensity of the peak near 0.8 eV as a 

function of Ge/(Ge+Sn) ratio.   

7.3 COMPOSITION AND STRUCTURE OF LATERAL GERMANIUM GRADIENTS 

As a first step to understanding how Ge-alloying impacts the Sn-based kesterites, we deposited a 

gradient where Ge/(Ge+Sn) was continuously varied from 0 to 90%. Following deposition, the gradient 

was annealed in a Se atmosphere in a graphite enclosure to form the mixed sulfoselenide CZTGSSe. 

Issues with Sn volatility during high temperature annealing are well established for kesterite 

materials.
150, 151

 Consistent with theoretical predictions,
152

 we find that more Ge is lost than Sn. This is 

seen by a decrease in the Ge/(Ge+Sn) ratio and an increase in the Zn/(Sn+Ge) ratio after annealing.  As 

shown in Figure 1, after selenization the Ge/(Ge+Sn) ratio decreases, while the Cu/(Zn+Sn+Ge) and the 

Zn/(Sn+Ge) ratios increase. Longer (or multiple) selenization steps lead to even more Ge loss, as shown 

in Figure S3. As a result of these losses, the maximum Ge/(Ge+Sn) value observed in the final film 

following a single selenization is only about 80%.  This causes the band gap to vary between about 1.0 

to 1.4 eV, 
178

 plus a nearly constant offset resulting from residual sulfur.  

 

XRD data collected on the completed devices (SLG/Mo/CZTGSSe/CdS/ZnO/ ITO) confirms that the 

Ge is indeed being alloyed into the absorber and forming a Cu2Zn(SnxGe1-x)(SySe1-y)4 phase. As shown 

in Figure S4, there is a clear peak shift with increasing Ge-content, and we see the splitting of the (312) 

and (116) peaks into distinct peaks, as expected. The spectra are slightly shifted to higher angle due to 

residual sulfur, but all of the peaks can be indexed to the expected phases (including CdS, ZnO, ITO). 

No evidence of secondary phases was detected. However, they cannot be ruled out.  
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Figure 7.4. X-ray diffraction data from devices with varying quantities of germanium. The data 

correspond to a mixed Cu2Zn(Sn,Ge)(S,Se)4 phase. No secondary phases were observed. 

7.4 OPTOELECTRONIC QUALITY OF ABSORBER LAYERS FROM AIPL 

Absolute intensity photoluminescence (AIPL) analysis of the gradients reveals significant changes in the 

radiative recombination pathway with Ge content. Representative spectra from different composition 

regions on the gradient are shown in Figure 3a. The pure-Sn samples have a peak centered at about 1.04 

eV. As the Ge concentration is increased, the band gap increases, and thus the peak shifts to higher 

energy while decreasing in intensity. However, near 39% Ge a low energy PL peak begins to emerge 

near 0.8 eV. As the Ge concentration increases further the high energy peak decreases until it is below 

the detection limit, but the broad low energy peak near 0.8 eV increases in intensity. The increase in the 

absolute intensity of the 0.8 eV peak is shown in Figure 3c. With longer selenization times, the low-

energy peak can be mostly eliminated, and a higher energy peak emerges.  

 

By using 3 consecutive selenizations, we are also able to resolve the AIPL over a broader range of 

Ge/(Ge+Sn), and investigate changes in the optoelectronic properties at various stages of device 

processing. Figure 4 shows the change in the QFLS between the long selenization and after deposition 

of CdS/i-ZnO/ITO, noted as ΔQFLS. This data suggests that the formation of the p-n junction degrades 

the optoelectronic quality of the CZTGSSe layer, and that the degradation worsens with increasing 

bandgap or Ge/(Ge+Sn) ratio. This may be due to unfavorable band alignment (discussed below), but 

other explanations are possible. For example, the surface may become depleted of Ge and Sn due to the 

longer processing time, allowing Cd to more readily incorporate at the surface, or making the surface 

more prone to oxidative degradation. Alternatively the formation of the junction will change the 

position of the Fermi level near the front of the device, and thus change the occupation of defects. 
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Further work is necessary, but the results could explain why larger band gap kesterites and 

chalcopyrites have failed to achieve as high of efficiencies. 

 

 

Figure 7.5 (a) QFLS measured after 3 consecutive selenizations and after deposition of CdS/i-

ZnO/ITO. (b) Change in the quasi-Fermi level splitting measured after forming the junction. ΔQFLS = 

(QFLS after CdS/i-ZnO/ITO and before aging) - (QFLS after selenization). The increase in QFLS with 

aging is roughly constant across this range, and thus ΔQFLS has the same trend. Beyond Ge/(Ge+Sn) = 

0.6 we are unable to extract the QFLS due to a secondary peak.  

 

 

Figure 7.6 Current-voltage parameters before and after the sample was aged in the ambient lab 

environment. All values are normalized to the theoretical limit for the band gap. The bandgap was 

determined from the long-wavelength EQE decay (see Figure 6).  
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7.5 PHOTOVOLTAIC DEVICE PERFORMANCE 

Gradients were processed into completed devices using standard techniques, including CBD of CdS, RF 

sputtering of i-ZnO/ITO, and then thermal evaporation of Ni/Al grids. A photograph of one of the 

gradients is shown in Figure S1. Current-voltage (J-V) and external quantum efficiency (EQE) were 

measured for each device. The current-voltage parameters are summarized in Figure 5. We find that the 

open-circuit voltage (Voc) of the devices increases with increasing Ge-content up until about 50% Ge 

(Figure S6). However, these gains are entirely offset by the increase in band gap. As shown in Figure 5, 

the Voc normalized to the theoretical limit for the band gap (Voc/Voc
SQ

) remains approximately 

constant at 60% up until about 50% Ge. After 50% Ge, the Voc begins rapidly decreasing as does the 

overall device efficiency. The trend and peak in the efficiency that we observe near 25% Ge (Figure 5) 

results primarily from the trend in the carrier collection (Jsc). The short-circuit current normalized to the 

theoretical limit for the band gap (Jsc/Jsc
SQ

), reaches a maximum near 25% Ge.   

To determine where the gains in current collection come from, we measured the external quantum 

efficiency (EQE) along the length of the gradient. The spectra are shown in Figure 6a. From the EQE 

we can clearly see the shift in the absorption onset with increasing Ge content. The band gaps were 

obtained by extrapolating (ln(1-EQE)
2
 versus energy for the long-wavelength EQE data (results in 

Figure 6b). Also shown in Figure 5b is the band gap calculated using the composition data, the 

theoretically predicted bowing parameter,
178

 and a constant offset to account for residual sulfur. We find 

that there is good agreement between these two values, further indicating that the Ge is fully alloyed 

into the lattice.  
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Figure 7.7 (a) External quantum efficiency of devices with varying Ge/(Ge+Sn). EQE of the devices 

with the highest efficiencies (inset). (b) Comparison of the bandgap determined from the EQE versus 

from bulk composition. 

 

Comparing the EQE of devices with different Ge concentrations, we see that the decrease in Jsc/Jsc
SQ

 at 

Ge > 30% results from losses at all wavelengths. The EQE of the 81% Ge device reaches only a 

maximum of about 50%, while those with <35% Ge collect practically all the high energy photons 

(minus reflectivity losses). If we compare the EQE of the devices with the highest Jsc/Jsc
SQ

 (25% Ge), 

we find that they have superior collection efficiencies at longer wavelengths than the devices with either 

less or more Ge (Figure 6 inset).  

 

7.6 CHANGES WITH AGEING 

After allowing the completed devices to sit in an ambient lab environment for one month, we see 

dramatic changes in the materials properties. The AIPL at select compositions before and after ageing 

are shown in Figure 7. The low energy peak previously observed at higher Ge concentrations can no 

longer be detected. Even in the spectra without the 0.8 eV peak, we observe a significant blue-shifting 

of the peak, and an increase in the quasi-Fermi level splitting. The increase in the QFLS is 

commensurate with an increase in the open-circuit voltage as measured  
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Figure 7.8 AIPL spectra before (red) and after (black) ageing in ambient for 1 month.  

 

from the aged devices.  As shown in Figure 5, the aged devices show large gains in the Voc, FF and 

consequently in the overall power conversion efficiency. The gains in Voc increase with Ge content, 

reaching values as large as 227 meV for a 70% Ge device (Figure S8). Despite the improvements, the 

highest efficiency devices are still located near 25% Ge, and the decay in efficiency still occurs near 1.3 

eV. Figure 8 shows the J-V parameters of the champion spray-coated device before and after ageing. 

The aged device has the highest power conversion efficiency of any previously published Ge-containing 

kesterite (11.0%), and produces 63% of the maximum Voc (Voc
SQ

), a value higher than that of even the 

record 12.6% CZTSSe device (58%). However, the device suffers from a high series resistance (1.34 

ohm cm
2
) leading to the relatively low fill factor. If the FF could be improved to 65%, a reasonable 

value for good kesterite devices, the device efficiency would increase to 12.8%, without an anti-

reflective coating, the highest value for any kesterite device. 

Note that if we calculate the Voc deficit using the relation Eg/q-Voc, as shown in Figure S8b, it appears 

that the champion device does not have the lowest Voc deficit. The lowest Voc deficit (calculated as 

Eg/q-Voc) has a minimum value of 0.548 for a nearly pure-Sn device (but still with a small amount of 

Ge). This value is substantially lower than that of the current world record device (Eg/q-Voc = 0.617),
1
 

high voltage double-emitter devices (Eg/q-Voc = 0.593),
420

 and other recent high efficiency devices 

with a “low voltage deficit” (Eg/q-Voc = 0.57).
421

 However, using Eg/q-Voc as a metric for material 

quality is misleading because a material with a 1.0 eV bandgap that produces 50% of it the theoretical 

maximum Voc (0.382 V) has a voltage deficit of 0.618 V, while a material with a 1.2 eV bandgap that 
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produces 50% of its theoretical maximum Voc (0.475 V) has a deficit of 0.725 V. The voltage 

deficit is larger for a larger band gap material, even though both materials achieve the same percentage 

of their theoretical limit. Thus the voltage deficit Eg/q-Voc is not a good metric for comparing samples 

with different band gaps.  Comparing the open circuit voltage to the theoretical limit from a detailed 

balance provides a more accurate and universal comparison. The maximum theoretical Voc can be 

easily calculated over the range 0.8-2.5 eV using the linear relation Voc
SQ

(V) = 0.932* Eg(eV) – 0.166. 

 

 

Figure 7.9 Current-voltage characteristics of the champion spray-coated Ge-alloyed device before 

and after ageing. 

 

Based on the above data, there are at least two primary causes for the decrease in material quality when 

Ge/(Ge+Sn) is greater than 50%: (1) unfavorable band alignment or (2) an increasingly deep defect.  

The AIPL data at different processing stages provides some of the strongest evidence for an unfavorable 

band alignment for the larger bandgap materials. Comparing the QFLS before and after deposition of 

CdS/i-ZnO/ITO (Fig. 4a) clearly shows that the QFLS in the completed device decreases with 

increasing band gap while the QFLS of the absorber layer alone increases with bandgap. Similarly, 

looking at the plot of the Voc/Voc
SQ

 vs band gap (Figure 5), we see that the highest Voc/Voc
SQ

 values 

occur when Eg < 1.30 eV. After about 1.30 eV the Voc quickly decays, even after ageing. These values 

are very similar to what has been observed with Ga-grading in CIGS.
169, 422

 The band positions of CIGS 

and CZTSe are predicted to be very similar,
195

 and as with Ga-alloying in CIGS, Ge-alloying in CZTSe 

is expected to primarily increase the CBM, while leaving the VBM almost unchanged.
195

 Therefore, the 

conduction band minimum (CBM) in a material with a band gap of 1.3 eV would be about 0.3 eV 

higher than that of the pure selenide material. UPS measurements have shown that the band alignment 
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between CZTSe and CdS is a spike with an approximate conduction band offset (CBO) of about 

+0.3-0.4 eV.
161, 423

 Therefore, as the Ge-content is increased, the CBO should transition from spike-like 

to cliff-like, near 1.3-1.4 eV. The decrease in the Voc/Voc
SQ

 starts in this range, and thus may be 

explained by an increasingly cliff-like band offset. Previous work has shown that a cliff-like offset 

reduces the maximum possible Voc from the device, and makes the device more sensitive to surface 

states at the absorber/buffer interface.
422

 Initially, we suspected that the low energy peak observed at 

higher Ge concentrations could be the result of tunneling recombination from the CdS to the VBM (or 

acceptor states) in the CZTGSSe. To test this hypothesis, we mapped the photoluminescence at different 

stages of device processing, and found that the low energy peak is present even when no CdS is present. 

Thus the low energy PL peak must result from defect states entirely within the CZTGSSe or on the 

surface.  

The other primary loss mechanism is the deep defect states which produce the PL peak near 0.8 eV. 

Previous work has reported a 0.8 eV defect CZTSSe, with depth that increases with sulfur content.
202, 

424, 425
 Sulfur and germanium are predicted to have a similar effect on the band structure. Both elements 

increase the band gap primarily by raising the CBM. Thus similar to what has been observed with 

sulfur, as the CBM increases due to Ge addition, the defect moves closer to mid gap and becomes a 

stronger recombination site. A schematic illustrating this hypothesis is shown schematically in Figure 9. 

Because of the proximity to the CBM, the defect likely is not beyond the demarcation level in CZTSe 

(the energy level where a CB electron, once captured, is equally likely to be emitted back into the 

conduction band or recombine with a hole from the VB) and thus is not as detrimental in CZTSe as it is 

in CZTS or CZTGSSe. Such a defect would explain the decay in the efficiency with increasing band 

gap, and would be consistent with the increasingly intense 0.8 eV PL peak (Figure 3c).  Further, the 

reduction or elimination of this defect explains the enhanced device performance after ageing since the 

PL peak at 0.8 eV disappears with aging as well. At this time it is unclear how the defect is eliminated 

and further studies are necessary, but possible explanations include: (1) oxygenation, (2) migration of 

charged defects under the electric field formed by the junction, or (3) diffusion of defects or defect 

clusters. The fact this defect exists in the sulfide, selenide, and germanium containing kesterites 

suggests that the defect could be related to either Cu or Zn. Based on DFT calculations the most likely 

defect is a CuSn or CuGe defect.
24, 387

 The CuSn defect has a favorable formation energy near the front of 

the device (when the Fermi level is near the CBM), and is predicted to be increasingly favorable in 

larger band gap materials.
387

 However, it is not clear how this defect would be eliminated with time. A 

chalcogen vacancy, such as VSe, that is slowly oxygenated (forming OSe) could also explain the 

behavior. 
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Figure 7.10 Schematic showing the increasing depth of a defect as the CBM is increased. Such a 

defect could explain the decay of the Voc with increasing Ge content.  

 

7.7 CONCLUSIONS 

We have used composition spread libraries to investigate the changes in material quality that occur with 

Ge-alloying of CZTSSe. The highest efficiency devices at Ge/(Ge+Sn) ratios near 0.25, corresponding 

to a band gap of about 1.2 eV, very similar to the optimum bandgap in CIGSe. This maximum results 

from improved Jsc and FF. We present data suggesting that the decay of the efficiency for band gaps 

larger than 1.3 eV results from both an unfavorable band alignment and from a deep defect located 

about 0.8 eV above the VBM that moves towards mid gap as the band gap increases. Such a defect has 

been previously reported for both CZTS and CZTSe, and we observe a broad PL peak centered about 

this energy for Ge/(Ge+Sn) > 50%. The low energy peak may be eliminated by using longer 

selenization times or ageing the sample in ambient for about 1 month. Thus far longer selenizations 

have not lead to improved device performance, but after ageing we see significant improvements in the 

devices. Following ageing we demonstrate an 11.0% efficient spray coated CZTGSSe that achieves 

63% of the theoretical Voc, the best of any reported high efficiency kesterite device.  
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Chapter 8.  

COMBINATORIAL EXPLORATION OF 

 EXTRINSIC DOPANTS IN KESTERITES  

 

8.1 INTRODUCTION 

In the development of both Cu(In,Ga)Se2 (CIGS) and CdTe thin film solar cells, one of the most 

effective strategies for improving device efficiency has been to find extrinsic species that can 

dope the absorber layer and passivate intrinsic defects. CdCl2 treatments of CdTe absorber layers 

enhance grain size,
426

 passivate grain boundaries and surfaces,
427, 428

 and significantly improve 

the overall efficiency. For CIGS it has been shown repeatedly that sodium improves 

conductivity, open-circuit voltage, and fill factor.
335, 341, 342

 Potassium (K) surface treatments 

have also been shown to benefit CIGS by aiding in the formation of a buried homojunction and 

allowing for a thinner CdS layer.
401, 429

 Antimony (Sb) and Bismuth (Bi) have both been shown 

to aid in the crystallization of CIGS, leading to improved efficiency, particularly for devices 

processed at lower temperatures.
430-432

   

Although these extrinsic species have been experimentally shown to benefit the absorbers, the 

exact mechanism is often still debated or unknown. For example, the benefits of sodium in CIGS 

were discovered when researchers substituted soda-lime glass for more traditional alkali-free 

substrates.
341

 Soda-lime glass was used because it had a thermal expansion coefficient closer to 

that of CIGS, but it was quickly discovered that the anomalously high performance resulted from 

sodium diffusion into the absorber layer. Despite this realization, the exact role of Na in CIGS is 

still debated, and has been the subject of intense research over the last several decades. Several 

models have been proposed to explain the observed behavior including: the defect chemical 

model,
340

 the positive electron acceptor model,
213, 214

 and the neutral hole barrier model.
212, 217

 

These models differ in mechanism, but agree that Na helps passivate grain boundaries, improves 

conductivity, and reduces defect densities.  

In recent years, concerns about the price and availability of the elements In and Te have spurred 

research into earth-abundant thin film materials. One of the leading candidates is 
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Cu2ZnSn(S,Se)4 (CZTSSe), a material which bears many resemblances to CIGS in its structural 

and electronic properties, but is comprised of abundant, low-cost primary metals (metals mined 

for directly). CZTSSe devices have reached 12.6% efficiency using hydrazine-based inks,
1
 and 

several groups have demonstrated efficiencies over 11% using a non-toxic DMSO based ink.
97, 

421
 However, further efficiency improvements are needed to be competitive with current 

technologies. Comparing the performance of the world record CZTSSe device to the theoretical 

limits under AM1.5G illumination, it is clear that a low open-circuit voltage limits the power 

conversion efficiency. The world record CZTSSe device collects 81% of the maximum current 

(Jsc
SQ

) but only produces 58% of the maximum voltage (Voc
SQ

). Studies indicate that the low 

voltage results from a large quantity of intrinsic defects.
2, 3

 These defects are relatively shallow 

and are mostly compensated, but still lead to significant electrostatic potential fluctuations and 

reduced carrier mobility.
2, 3, 398

 In previous work, we used a high-throughput screening technique 

to precisely show how the optoelectonic properties (and thus intrinsic defects) change when the 

absorber is grown under a broad range of different stoichiometries.
365

 We found that certain deep 

defects can be reduced or eliminated by growing the material under non-stoichiometric 

conditions, but a significant quantity of charged defects are still present even in materials with 

the best optoelectronic quality. Based on these results, and following the lessons learned from the 

development of CIGS and CdTe, we proposed investigating extrinsic species as a means to 

passivate intrinsic defects. We reported the results of ink-based doping of Na, Hf, and Cd in 

concentrations ranging from 0 to 10%, and showed that although none of the dopants had a 

strong impact on the optoelectronic properties, Na-doping improves FF and thus can lead to 

higher efficiencies.
365

 Here we greatly expand upon this work, presenting the results from 25 

different extrinsic elements, paying particular attention to the group-I (alkali) elements. The 

elements evaluated in this way are summarized in Figure 1. From our screening we find that that 

the kesterite absorber is quite tolerant of many extrinsic elements, even at relatively high 

concentrations (>1 at%). We identify several species that are highly detrimental and several 

which preliminary investigations suggest may be beneficial. These results have important 

implications for process design (e.g. avoiding Fe contamination), the use of metal foil substrates, 

and controllably doping CZTSSe.  
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Figure 8.1 Summary of elements screened using our high-throughput testing process. The 

elements were added to the ink as metal chlorides in concentration ranging from 0 to as high as 

10 mol%. Carbon, nitrogen, and chlorine originating from thiourea and metal precursors are 

likely present to some degree in all the samples. 

8.2 EXPERIMENTAL 

A single molecular precursor solution was prepared by mixing CuCl2, ZnCl2, SnCl2, and thiourea 

in either dimethyl sulfoxide (DMSO) or dimethyl formamide (DMF) similar to previous 

reports.
28

 The precursors were mixed targeting a composition of Cu/(Zn+Sn) = 0.75 and Zn/Sn = 

1.05. The solution was then divided into multiple vials and an extrinsic dopant was added to 

each, and one was reserved with no dopant added (“Undoped”). The extrinsic dopants utilized, 

the precursor, and the concentration added are summarized in Table 1. A continuous gradient 

was formed via the combinatorial mixing of the doped inks with the Undoped solution to 

produce films with a dopant concentration that increases along the length of the line. Films were 

deposited using a custom-built deposition system based on a Sono-Tek ultrasonic spray coater 

fitted in a modified glovebox and fed with an array of independently controlled syringe 

pumps.
365

 The films were sprayed onto both quartz substrates and Mo-coated soda-lime glass. 

Following deposition, the films were annealed in a tube furnace for 20 minutes at 550°C with 

excess selenium. Absolute intensity photoluminescence (AIPL) mapping was performed using a 

confocal instrument with a 785 nm laser excitation over a 110 x 110 µm spot size with a 1.2 mm 
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x 1.2 mm mesh. The data was then analyzed using a full spectrum peak fitting algorithm detailed 

in a previous publication.
416

 For further characterization doped films were spray coated on 

Mo/SLG and processed into completed devices using standard techniques including CBD of 

CdS, RF sputtering of i-ZnO then ITO, and thermal evaporation of Ni/Al grids. Each spray 

coated substrate produces 84 devices with approximately 0.11cm
2
 area. Devices were also made 

via spin coating, using a process similar to that previously published.
419

 All devices were tested 

under simulated AM1.5G illumination.   

TABLE 1. EXTRINSIC ELEMENTS USED IN THE SPRAY GRADIENTS, THEIR PURITY, AND THE CONCENTRATION IT WAS ADDED TO THE INK IN. 

 

Extrinsic Species Precursor (purity) Conc. 

Lithium LiCl (99%+)  /  LiI (99.9%) 2% 

Sodium NaCl (99%) / NaI (99.5%) 2% 

Aluminum AlCl3 (99.99%) 10% 

Silicon SiCl4 (99.999%) 5% 

Potassium KCl (99%) / KI (99%+) 2% 

Titanium TiCl4 (99.999%) 10% 

Chromium CrCl3 (99.99%) 5%/1% 

Manganese MnCl2 (99.99%) 5% 

Iron FeCl2 (99.998%) 10% 

Cobalt CoCl2 (99.999%) 5% 

Nickel NiCl2 (99.99%) 5% 

Gallium GaCl3 (99.999%) 10% 

Arsenic AsCl3 (99.99%) 5% 

Rubidium RbCl (99%) / RbI (99.8%) 2% 

Zirconium ZrCl4 (99.99%) 5% 

Molybdenum MoCl5 (99.999%) 5% 

Silver AgCl (99.999%) 5% 

Cadmium CdCl2 (99.999%) 10% 

Indium InCl3 (99.999%) 10% 

Antimony SbCl3 (99.95%) 10% 

Tellurium Te (99.999%) 2% 

Iodine I2 (99.999%) 5% 

Hafnium HfCl4 (99.999%) 10% 

Lead PbCl2 (99.999%) 5% 

Bismuth BiCl3 (99.999%) 10% 
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8.3 GROUP-I DOPANTS ON QUARTZ SUBSTRATES 

Group-I elements are known to have a highly beneficial effect on Cu(In,Ga)Se2, and due to the 

similarities between chalcopyrites and kesterites it is likely that they will have a similar effect on 

kesterites. However, because to the different defect chemistries of these two materials, the 

optimum concentration and the way in which the dopants interact with native point defects will 

be very different. For example, in chalcopyrites the primary effect of sodium is to occupy copper 

sites (NaCu)
334

 which helps prevent the InCu defect. However, it has also been shown that sodium 

will occupy In sites (NaIn) providing an additional shallow acceptor.
337

 In kesterites, sodium is 

predicted to readily occupy either Cu or Zn sites.
433-435

 Multiple experiments have found that 

sodium doping increases the hole concentration and mobility and reduces the activation energy 

for conduction.
436-438

 The first two effects likely result from NaCu preventing the donor like ZnCu, 

while the latter may be from NaZn forming an additional shallow acceptor.
434

 These effects lead 

to increased Voc, FF, and thus the overall efficiency.
365, 439-441

 Similar results have been found 

for lithium doping of CZTSSe,
97

 though the benefits appear to be greater because Li substitutions 

are even more favorable than Na substitions.
433

 Here we use ink-based doping to investigate how 

the concentration of the Li, Na, K, and Rb impacts the optoelectronic properties of CZTSSe.  

 

 

Figure 8.2 A typical concentration profile measured on a gradient following selenization. The 

concentration of sodium increases along the length of the spray line. The concentration was 

determined using ICP-MS and is calculated as Na/(Cu+Zn+Sn).  
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Continuous concentration gradients were deposited on high purity quartz substrates spanning 

0.01 to 0.30 at%. A typical concentration profile following selenization is shown in Figure 2. 

The concentration is calculated as M/(Cu+Zn+Sn) where M = Li, Na, K, or Rb. Immediately 

following selenization the gradients were mapped using absolute intensity photoluminescence 

(AIPL) while held under vacuum (< 1 mTorr). Using AIPL we can accurately extract the quasi-

Fermi level splitting (QFLS), the band gap (Eg), and the extent of sub-bandgap absorptivity 

(aSB).
416

  

An accurate measure of the band gap is important because one of the proposed mechanisms by 

which Na benefits CIGS (and CZTSSe) is by forming a fluxing agent that aids in the 

incorporation of Se.
442

 In the present study a measure of the band gap is also important because 

we are selenizing a sulfide material and variation in the S/Se ratio can cause variation in the band 

gap. This can artificially inflate the QFLS without actually increasing material quality. The band 

gap determined from a full spectrum PL fit is shown in Figure 3 for each group-I element. 

Comparing to the baseline (gray solid line), we see that as the Li concentration increases, the 

band gap also increases. The opposite trend occurs with Rb; the bandgap decreases with 

increasing concentration. The change in band gap may result from enhanced (or reduced) Se-

fluxing or from incorporation of the group-I element into the lattice. Given the extremely large 

ionic radii of Rb (152 pm) it is unlikely that it will be incorporated. However, Li (59 pm) has a 

similar radius to Cu, Zn, and Sn (60, 60, and 55 pm, respectively), and thus may easily be 

incorporated. For lithium, previous work suggests that it can readily incorporate into the lattice, 

occupying both Cu and Zn sites,
97

 but no previous studies have investigated Rb. 

Because we know that there is a change in the band gap, the only way to make a fair comparison 

of the QFLS between samples is to normalize to the theoretical limit (QFLS/QFLS
SQ

). This is 

done in Figure 3 for the various group-I elements. Among the dopants, both Li and Rb stand out 

as having the largest effects. Despite the increase in band gap, Li doping still significantly 

improves the QFLS/QFLS
SQ

, reaching a maximum near 0.30 at%. For Rb, the relatively smaller 

band gap means that when normalized to the limit, the QFLS/QFLS
SQ

 is actually as large as that 

seen with Li. However, the concentration of Rb where we observe the greatest enhancement 

(0.03 at %) is much lower than that for Li. Neither Na nor K was found to result in any 

significant changes to the QFLS/QFLS
SQ

 over the measured range.  
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Figure 8.3 Summary of photoluminescence parameters as a function of the concentration of 

the group-I dopants (a) Li, (b) Na, (c) K, and (d) Rb.  The parameters include the quasi-Fermi 

level splitting (QFLS) normalized to the theoretical limit based on the band gap (QFLS
SQ

), the 

band gap, and the sub-band gap absorptivity (aSB).  

 

To better characterize what effect the group-I dopants have on the absorber we look at the sub-

bandgap absorptivity. The sub-bandgap absorptivity is determined from the full spectrum PL 

fitting algorithm and is defined in Equation 8.1.  

�̅�𝑆𝐵 =
1

𝐸𝑔
∫ 𝑎(𝐸)𝑑𝐸

𝐸𝑔

0
          (1) 

Kesterites are a highly disordered material, and the large populations of charged defects lead to 

electrostatic potential fluctuations (EPFs). These fluctuations lead to sub-bandgap absorption and 

thus emission, and can lead to significant losses in the Voc. EPFs cause the PL peak to broaden 

and shift to energies below the bandgap. The more charged defects, the greater the magnitude of 

EPFs, and thus the larger the sub-bandgap absorptivity. Therefore, aSB is a useful measure of 

material quality because it is directly related to the number of charged defects. The value of aSB 

for each of the group-I gradients is shown in Figure 3. We find that the only elements that 

significantly alter aSB, as compared to the baseline, are Li and Rb. If lithium does incorporate 

into the lattice, the reduction in aSB may result from Li passivating charged copper vacancies or 

preventing ZnCu. This would make sense from a steric perspective, and would be consistent with 

the observation of increased band gap. The slight increase in aSB for Rb containing samples may 
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result from increased formation of a defective kesterite layer, and is discussed in greater detail 

below. 

8.4 DEVICES WITH GROUP-I DOPANTS ON SODA LIME GLASS 

To determine whether the effects of the group-I dopants could be directly translated into 

improvements in device performance we spray coated films on Mo/SLG substrates and 

processed them into completed devices. The films were doped using group-I chlorides and the 

final concentration was measured using ICP-MS to be 0.21±0.05, 0.26±0.04, 0.25±0.06, and 

0.05±0.01 at% for Li, Na, K, and Rb, respectively.  Making devices allows us to resolve changes 

in other device parameters such as fill factor and current collection, however, because the films 

are deposited on SLG there will be an additional flux of sodium from the substrate. This is 

important to keep in mind when comparing the results to the samples on quartz substrates. We 

have also found that annealing the completed devices on a hotplate at low temperature (150 °C 

for 5 min) leads to significant improvements in the overall efficiency. A comparison of the 

current-voltage characteristics before and after annealing is shown in Figure S1. The only sample 

which did not benefit from annealing was the KCl sample, which had losses to both Voc and FF. 

All other samples had as good or better Voc and FF after annealing. The origin of the 

improvement is unclear, but it is possible that the anneal increases the carrier concentration in the 

ITO or helps to improve the interfaces. Consistent with our PL study, we find that all of the 

dopants, except KCl, lead to slight improvements in Voc (though not necessarily Voc/Voc
SQ

). 

However, only Li lead to an overall improvement in device performance compared to the 

baseline (“None”). Aided by a shunt resistance that was 2-3x higher than any of other devices, 

the Li-doped samples had the best FF, as shown in Figure 4a. In contrast, the efficiency of both 

the Na and Rb devices was hampered by a low FF. The K devices suffered from poor shunt 

resistance. For Li, these results are consistent with what we have observed using traditional 

device making.
97

 Overall we consistently find that Li doped samples out-perform both the un-

doped samples as well as the other group-I dopants. Rb doping still appears promising, and is 

investigated further in the following section. 
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Figure 8.4 The shunt resistance (a), open-circuit voltage (b), fill factor (c) and efficiency (d) 

of spray coated devices with added group-I dopant. Statistics are based on measurement of 80 

devices, each approximately 0.11cm
2
.  

8.5 AIPL ON NON-GROUP-I ELEMENTS 

In addition to the group-I elements, we have also screened a wide variety of other extrinsic 

species as summarized in Figure 1. There are many different cation sites in the kesterite lattice 

and thus a large number of ways in which an extrinsic species may interact with it. The 

understanding of the defects in kesterites is still in its infancy; therefore, we have opted to test 

many different species of varying ionic radii and oxidation states. As a first step, concentration 

gradients were deposited and then mapped using absolute intensity photoluminescence 

(AIPL).
416

 From the AIPL spectra we extract the quasi-Fermi level splitting, which we use as our 

primary performance metric. We used the QFLS as our primary metric because it is directly 

related to the quantity and type (depth, valence, etc) of defects. All thin film solar cells suffer 

from low Voc, and even the best kesterite devices produce only 58% of the theoretical Voc.
1
 

Therefore, our first step in screening extrinsic species was to look for elements that significantly 

improve the QFLS.  The QFLS as a function of extrinsic dopant concentration for 25 different 

extrinsic species are shown in Figure 5. 

Overall, we find that CZTSSe is quite tolerant of extrinsic species, even in the high 

concentrations we have tested here. Many of the species, such as GaCl3, ZrCl4, HfCl4, PbCl2, and 

I2, have almost no detectable impact on the QFLS over the sampled concentration range. For Zr 

and Hf, this is consistent with first principles studies which have reported that the quaternary 

compounds containing these elements are not stable.
176

 Therefore, the Zr and Hf added to the 

film forms binary or ternary phases that phase segregate leaving a (mostly) unadulterated 

CZTSSe phase. In actual devices, this may lead to complications, particularly if the secondary 

phases are electrically active. However, the most detrimental elements are the transition metals 
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located near copper on the periodic table. Iron, cobalt, and nickel all strongly degrade the QFLS, 

likely because they can readily incorporate into the lattice forming Cu2(X,Zn)Sn(S,Se)4 where X 

= Fe, Co, or Ni. They will likely also form donor-like defects by substitution on Cu-sites, as Zn 

commonly does in CZTS.
387

 Other species, such as AlCl3, MnCl2, and the group-V elements 

AsCl3, SbCl3, and BiCl3 have a slightly negative impact on the QFLS, suggesting they may be 

incorporated to some extent, but they are not nearly as detrimental as Fe, Co, or Ni. 

 

Figure 8.5 Current-voltage parameters from spin coated devices made with extrinsic dopants. 

The samples were measured under simulated AM1.5G illumination. 27 devices from 3 different 

substrates were measured for each dopant. 

 

It is important to bear in mind the method by which the extrinsic species are being supplied. We 

have chosen metal chlorides because many of them can be complexed with thiourea then 

decomposed to form metal sulfides. Metal chlorides are readily available in high purity and 

generally have good solubility. This makes it very easy to test a broad range of species, but 

providing the extrinsic species in this way does have limitations. The exact form and method by 

which a species is provided can have an enormous difference. For example, both Sb and Bi were 

of particular interest because they have been shown to improve low-temperature crystallization 

of CIGS.
431, 432

 In the published reports, Sb/Bi is supplied as a metal thin film. Because of the 

low melting point of both Sb and Bi, it is believed that they act as a fluxing agent to improve 

grain growth. However, because we supply the Sb/Bi as a metal chloride the behavior is 

different. The species are still available for incorporation into the lattice, but large grain growth 

is not observed. An example of this is shown in Figure S2. Bismuth selenide has precipitated as a 

secondary phase, but the grain growth in the surrounding area is poor. Therefore, our finding that 

SbCl3 and BiCl3 degrade CZTSSe should not be misinterpreted to mean that Sb and Bi cannot 

benefit CZTSSe, or that it that either species does not enhance the growth of CZTSSe. Our 

finding is that bulk doping with SbCl3 or BiCl3 does not benefit CZTSSe or enhance the grain 

growth. 
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8.6 ELECTRICAL CHARACTERIZATION OF DEVICES WITH SELECT EXTRINSIC 

DOPANTS 

Based on the results of the PL screening, we selected Ag, Cr, Fe, Ni, Si and Te for further 

investigation. Ag, Cr, and Si where chosen because they showed at least some sign of having a 

positive effect, while Ni and Fe were chosen to validate the negative effect that we have seen. 

We additionally chose to investigate Te doping. The addition of Te was accomplished through 

first synthesizing a tellurium tetrathiourea chloride complex following previous publications.
443

  

The dopants were added to the inks in quantities ranging from 1-5 at% as specified in Table S2.  

       Devices were made via spin coating following a procedure similar to that used in previous 

reports 
419

. The resulting current-voltage parameters are summarized in Figure 6. Consistent with 

the PL results, we find that both Ni and Fe have a detrimental effect on the devices as compared 

to the undoped baseline (“None”). We also find that the Cr sample and the Ag sample perform 

poorly, primarily as a result of low fill factor and Voc. The Rb, Si, and Te samples all performed 

as well or better than the baseline and were further characterized.  

Figure 8.6 External quantum efficiency of the champion devices made with extrinsic dopants. 

 

First principles studies indicate that both Si and Te should be able to substitute into the kesterite 

lattice and form a stable compound. Silicon is expected to substitute on the Sn site to form the 

larger bandgap material Cu2Zn(Sn,Si)Se4,
178

 while Te will substitute on the chalcogen site to 

form a smaller band gap material Cu2ZnSn(Se,Te)4.
176

 However, for the concentrations we have 

explored (5%), the effect on the band gaps should be minimal. Extrapolating the low energy tail 
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of the EQE (Figure 7), we approximate the bandgap of the Si, Te, Rb, and undoped devices to be 

1.02, 1.00, 0.97, and 0.99 eV, respectively. Compared to the other devices, we see that the low 

Jsc of the Si device results from poor carrier collection at long wavelengths. This could result 

from a thin absorber, poor grain growth, high reflectivity, or a Si-related bulk defect. 

 

Figure 8.7 Cross sectional SEM images of the (a) undoped, (b) rubidium, (c) silicon, and (d) 

tellurium containing devices. The scale bars are 1 µm.  

 

Cross sectional SEM images (Figure 8), show that the absorber layers are about 1.5 µm thick and 

have quite different morphologies. Interestingly, the undoped device (8a) shows the best grain 

morphology despite having the lowest efficiency. The grains of the Si and Te devices are both 

quite small and significant voids are clearly present, yet these devices had the highest 

efficiencies. Compared to the other devices, the Si-containing sample was very planar and 

appears very smooth and reflective. It is unclear what causes this difference, but the smoothness 

of the interface may contribute to the high FF. 

The champion devices from each extrinsic dopant were further characterized using drive-level 

capacitance profiling (DLCP) at 200K and 300K. The DLCP derived defect densities are shown 

in Figure 9.  At 300 K and 1 kHz, the Rb, Si, and Te devices all show similar profiles, but have a 

lower overall defect density than the undoped sample. Interestingly, the defect densities 

correspond with the device efficiencies. The Te device had the lowest defect density and the 

highest efficiency; the undoped sample had the highest defect density and the lowest efficiency. 

This suggests that the measured difference in the defect density results from a reduction in the 

quantity of deeper defects, not just variation in the carrier concentration.  
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Figure 8.8 DLCP derived defect densities at 10 kHz for measurement temperatures of 300 K 

(a) and 200 K (b) 

The profiles at 200 K at 10 kHz are shown in Figure 9b. Compared to the higher temperature and 

low frequency data, we see very significant differences between the samples. As expected, the 

defect density is lower for all of the samples because at higher frequencies and lower 

temperature deeper defects are unable to respond. The undoped sample still has the highest 

defect density, but the Rb sample now has the lowest and it is about an order of magnitude below 

that of the undoped sample. The first moment of the charge response (<x>) is also shifted to 

much larger values for the Rb sample. This indicates that the defect population in the Rb device 

is quite different than in the undoped, Si, or Te devices. There are several possible causes for the 

shift in <x>, including: (1) a reduction in defects near the front of the device and thus that the 

charge response is originating from a physically deeper location within the device, or (2) the 

charge response originates from shallower defects because of a reduction in deep defects. In 

either case, we see that a defect population that is present in the other devices is not present in 

the Rb sample. Assuming a thermal emission prefactor of v = 8.536 (v = Nvvnσn obtained from 
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prior admittance studies where we observed a defect at Ev + 150 meV) the defects being frozen 

out by the change in temperature and frequency would approximately lie in the range 90-220 

meV. Prior studies using admittance
164, 197, 421, 444

 and photoluminescence
400

 have reported a 

defect within this energy range for CZTSe, and it is often assumed to result from a CuZn anti-site 

defect based on values predicted from DFT calculations.
387

 Previous work on CIGS has 

correlated changes in a defect state near 110 meV with varying Se activity during growth.
445

 As 

the Se activity was reduced; the formation of the defective chalcopyrite layer was enhanced 

causing an increase in the capacitive response. If Rb acts as a Se fluxing agent, it could 

effectively increase the Se activity and reduce the degree of disorder/compensation in the 

kesterite layer, particularly near the top surface. This could explain why an element as large as 

Rb could still benefit CZTSSe, but it is inconsistent with our PL results on quartz substrates. We 

found that Rb lead to increased sub-band gap absorptivity, suggesting a greater extent of 

disorder/compensation. Therefore, the most likely effect of Rb is (1) reducing the quantity of 

defects near the front of the device. This may be possible via an ion exchange mechanism, 

similar to what has been proposed for K in CIGS.
446

  

8.7 CONCLUSIONS 

Using ink-based doping, we have deposited continuous composition gradients of 25 different 

extrinsic species, paying particular attention to the group I elements. The gradients were mapped 

using absolute intensity photoluminescence to evaluate the impact of these species on the quasi-

Fermi level splitting, the extent of sub-bandgap absorptivity (potential fluctuations), and the band 

gap. Based on our initial photoluminescence screening, we identified several elements that had 

potentially beneficial effects. These species were further investigated by making devices and 

performing electrical characterization.  We find that transition metals located near Cu on the 

periodic table have a strongly deleterious effect on the absorber layer, while a many other 

elements have little to no impact on the optical properties, likely due to exclusion from the 

crystalline lattice. The species Li, Rb, Si, and Te were all found to help improve the overall 

power conversion efficiency compared to an undoped baseline. Using temperature-dependent 

DLCP, we find that Rb has a significant effect on defect population. Similar to what has been 

proposed for K in CIGS, we hypothesize that Rb helps reduce defects near the CZTSSe/CdS 

interface. 
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Chapter 9. CONCLUSIONS AND FUTURE WORK 

 

Kesterites are very promising materials for PV, and by building on over 40 years of research on 

chalcopyrites, the efficiency has been rapidly increased to the current world record of 12.6%. To 

help push the efficiency higher, and to improve the community’s understanding of these 

materials, I developed a high-throughput screening process. At its core, this process includes an 

ultrasonic spray coater that can deposit continuous composition gradients, and a confocal 

absolute-intensity photoluminescence instrument. Together these instruments allow us to 

evaluate the optoelectronic quality and maximum possible open-circuit voltage of a material 

without the complications of device fabrication. Using this process, I have investigated off-

stoichiometric growth as a means to limit intrinsic defects; doping with 25 different extrinsic 

species in varying concentration; and alloying germanium to tune the band structure.  This work 

has resulted in 4 peer-reviewed publications, helped our lab reach 11.8% efficiency using a non-

toxic solution-phase chemistry, and has greatly improved the communities understanding of 

kesterite materials and devices. However, as our understanding of kesterites has grown, a number 

of new challenges have surfaced, and it has become clear that there will be no easy path to 

reaching over 20% efficiency. This is not unexpected; semiconductor materials typically take 

decades of intense study before reaching commercialization. Therefore, in this section I will 

briefly outline what I believe to be some of the biggest challenges facing kesterite devices, and 

areas that I believe need future study.   

 

9.1 CHALLENGE 1: REDUCING DISORDER 

Perhaps one of the biggest issues facing kesterites is the high degree of disorder in the lattice. 

This occurs between both copper/zinc and copper/tin. For copper/zinc, the fundamental problem 

is the small difference in both atomic radii and valence, which makes a number of defects an 

defect complexes such as [VCu+ZnCu] and [CuZn+ZnCu] highly favorable.  Unpublished reports 

place this disorder to be on the scale of 10% of all Cu/Zn sites. This creates a large population of 

charged defects and leads to a number of problems, including both reduced carrier mobility and 

electrostatic potential fluctuations. In CIGS, an effective strategy for dealing with this issue is 
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sodium doping. Sodium can occupy copper vacancies, and limit the extent to which indium 

substitutes on copper sites. However, my own research has shown that neither group-I elements 

or large variations in the stoichiometry substantially reduce the potential fluctuations. This isn’t a 

surprising result; lithium and sodium have similar atomic radii and valence to both copper and 

zinc, and thus are almost as likely to substitute on zinc sites as they are on copper sites. The only 

strategy that has thus far proven somewhat successful at reducing the Cu/Zn disorder, is long 

low-temperature anneals,
447, 448

 but this has yet to lead to any substantial gains in efficiency, and 

is undesirable from a manufacturing perspective. Future work may instead focus on controlling 

the rate of heating/cooling during selenization to help address this issue. 

 

In Chapter 8, I presented data from doping CZTSSe with extrinsic elements, but I believe that the 

most successful strategy for reducing defects and disorder would be to completely substitute a 

larger element for either Cu or Zn. Since there are only a few +1 cations and the majority of +2 

cations have similar atomic radii to Cu and Zn, I believe the best candidates would be Ag for Cu 

or Cd for Zn. Cd is an undesirable choice with regards to toxicity and abundance. Additionally, 

first principles calculations predict that the energy difference between kesterite and stannite is 

small for Cu2CdSn(S,Se)4,
175

 meaning that Cd substitution would likely create more problems 

than it solves.  This leaves silver as the most promising candidate. Because of the relatively small 

quantity of material necessary for a thin film, silver is not as bad of an idea as it may sound. 

USGS Mineral Commodity summaries show that in 2014, the US consumed about 6,900 tons of 

silver at an average price of about $612/kg. This compares favorably to indium for example, 

which the US consumed 120 tons of at an average price of $710/kg.
42

 However, no group has yet 

demonstrated a silver based kesterite with high power conversion efficiency, and even less is 

known about Ag2ZnSnSe4 than Cu2ZnSnSe4. Recent theoretical studies have suggested that Ag 

alloying/substitution may help reduce disorder, but pure Ag2ZnSnS4 may be an n-type 

material.
449

 This could open up a variety of interesting research opportunities for using AZTS as 

a window/buffer layer. However, experimental validation is needed. 
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9.2 CHALLENGE 2: CONTROLLED SELENIZATION 

In my 5 years of research on CZTSSe at UW, I have found that one of the most important and 

highly variable stages in our device processing is the selenization. Selenization is the process by 

which we convert our sulfide precursor material into a large-grained polycrystalline selenide 

material.  The process is carried out in a 2” diameter tube furnace at temperatures of about 

550°C. Substrates coated with a thin film of CZTS are put in a graphite box with a large excess 

of elemental selenium. The tube furnace is evacuated and back-filled with an inert gas and then 

heated to the desired temperature with the graphite box resting outside the hot zone. Once the 

temperature has stabilized, the graphite box is pushed into the hot zone, and the gas flow is set to 

maintain a slight overpressure inside the tube. After 20 minutes, the furnace is opened and a fan 

is used to provide convective cooling.  Cooldown typically takes about 1 hour, but is not 

carefully controlled. 

 

During selenization several different processes are occurring simultaneously. These include: (1) 

sodium diffusing from the soda-lime glass into the absorber layer; (2) sulfur is being exchanged 

for selenium; (3) the grains are sintering and growing; (4) volatile impurities are evaporating, 

and (5) the defects that ultimately will exist in the absorber layer are forming. Because of these 

many different processes, selenization suffers from poor reproducibility, and sight variation in 

processing parameters can lead to unexpected results. In addition, recent publications have 

suggested that selenium-related defects and the selenium activity during growth can have a 

profound effect on CIGS device efficiency.
445, 450, 451

 One such set of experiments correlated 

reduced selenium activity with formation of a larger order-defect compound (ODC), and a larger 

defect signal in admittance data.
445

 Therefore, there is ample reason to investigate and design 

processes by which we can better control the selenium activity during selenization.  

 

One way that we can improve our control over the selenization process is to transition from an 

open to a closed system. In our current system (open), the selenium partial pressure varies with 

time. Convective currents transport the volatilized selenium out of the hot zone to unheated 

regions where it will condense. However, in a closed system we can set the selenium partial 

pressure by controlling both the temperature and selenium quantity added to the reactor. We can 
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also greatly reduce the quantity of selenium consumed during each run, because the residual 

selenium will be safely contained inside the reactor where it can be used during the next run. 

Selenium is the most toxic, most expensive, and rarest element used in CZTSSe devices (refer to 

Chapter 1), so reducing our consumption is desirable. A closed system would also allow us to 

limit the volatilization of SnSe or GeSe, which has previously been shown to be important for 

high efficiency devices.
150

 I believe that this system will provide higher quality and more 

consistent selenizations if (1) residual solvent and processing impurities can be successfully 

eliminated prior to selenization and (2) selenium condensation on the films can be prevented or 

etched away.  

 

9.3 CHALLENGE 3: DEVELOPING A MODEL SYSTEM: SINGLE CRYSTAL STUDIES 

Kesterites are a very complicated material, and there is still a lot that we don’t know. However, 

what I think would be most valuable is developing a model system where we can ask the 

question “Can this material reach our efficiency goal?” If we forget about the notion of making 

an economically viable material or process, and simply focus on making the absolute best 

kesterite that we can, regardless of the cost, how good of a material can we make? Can we reach 

over 80% of the theoretical Voc? Can we reach 80% of the theoretical efficiency? I don’t think 

anybody yet knows the answer to these questions, but I think the only way that we can figure it 

out, is by studying single crystals; either epitaxial films or bulk single crystals. Several research 

groups have already grown single crystals of CZTSe and CZTS, there are no big obstacles to 

doing so. Several people have even studied single crystals using PL. However, I have yet to see 

anybody extract the quasi-Fermi level splitting from these samples. What is it? Is it large? Is it 

small? How does it compare to values from polycrystalline materials? Can we improve it? 

Are the worst defects on the surface or in the bulk? Using techniques like two-photon 

photoluminescence we could easily answer these questions. By looking at single crystals we can 

start to understand how detrimental the grain boundaries are, and what defects exist at the grain 

boundaries, so that we can better passivate them in a polycrystalline system. I think that if we 

take the time to understand how to grow a good single crystal, then we can take that knowledge 

and find ways to make a good polycrystalline material (or if it is even possible). These are the 

questions that we must answer before we devote more time and money to kesterites.  
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