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 LIST OF ABREVIATIONS 

AA Air anneal (typically ~300˚C on hot plate in lab air) 

AZTSe Ag2ZnSnSe4 

Br-Methanol,  

Br-MeOH 

Bromine solution in methanol 

CTSe Copper Tin Selenide (Cu2SnSe3) 

CV Capacitance-voltage measurement 

CZTS Copper Zinc Tin Sulfide (Cu2ZnSnS4) 

CZTSe Copper Zinc Tin Sulfide (Cu2ZnSnSe4)*  

*used as default throughout this work but also 

includes literature from sulfide  

DFT density functional theory calculations 

DLCP Drive-level capacitance profiling 

EDX Energy dispersive spectroscopy 

Eg Bandgap 

e-h pair Electron-hole pair 

EQE External Quantum Efficiency 

FF Fill Factor 

ITO Indium Tin Oxide 

JSC Current at short circuit 

JV Current density vs. applied voltage test 

JVT Current density-voltage vs. temperature test 

µ mobility 

NCV,  

NDLCP 

carrier concentration extracted from CV and DLCP 

measurements - in this case hole concentration (with 

limits for interpretation of CV measurement) 

PL Photoluminescence 

QE Quantum efficiency 

Rs Series resistance 

SEM Scanning Electron Microscope 

SRV Surface recombination velocity 

Tm Melt temperature 

VOC Voltage at open circuit 

VOC-deficit Deficit between bandgap/q and VO 

VOC-T Open circuit voltage vs. temperature measurement 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

XRF X-ray fluorescence 
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Solar energy has dropped in cost and grown faster than all other energy 

technologies in the past 15 years, and as costs reach new lows, and installations reach 

new heights, raw material costs and availability become increasingly important. 

Cu2ZnSn(S,Se)4 has achieved the highest efficiency among earth-abundant thin film 

materials, however a significant voltage deficit caused by band tailing and high levels 

of poorly understood defects bottleneck commercial relevance. Understanding and 

controlling the complex defect chemistry of the quaternary material is further inhibited 

by the complexities inherent in polycrystalline thin films.   

In this work, single crystals are used as a model system to better understand the 

challenging defects in Cu2ZnSnSe4.  New methods are developed for fabrication of 

single crystals and thin films, and the defect properties are examined by 

photoluminescence and other techniques. Both bulk and surface defects for single 

crystals and films are investigated and manipulated to reduce recombination and 

improve VOC.  For the surface, new passivation methods are developed. For the bulk, 

variations in stoichiometry, dopants, and temperature equilibria are explored. From 

stoichiometry, additional insights into reasons why bulk compositions are found to be 

Cu-poor and Zn rich are demonstrated. Bulk incorporation of the critical dopant Na is 

measured for the first time and the effects on sub-Eg states are demonstrated.  Further 

manipulation of defect populations by temperature equilibria are shown to change sub-

Eg defects critical for band-tailing. 

ABSTRACT 



 xxiv 

Single crystal devices are demonstrated for the first time, and based on 

optimized methods for improving surface and bulk defects, a 7.8% efficient single 

crystal device is demonstrated with a voltage deficit equal to record thin film devices. 

The challenges of thin film fabrication are also discussed, and improved devices are 

demonstrated for a modified single-step co-evaporation, which remains the 2nd highest 

device efficiency for CZTSe by similar methods.
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INTRODUCTION 

1.1 Motivation 

One of the largest challenges for the current generation will be to sustainably 

provide for the world’s growing energy needs.  Energy demand is expected to rise by 

more than one-third by 2035 as developing nations grow in size and affluence [1].  Solar 

technology is uniquely positioned to meet the dual mandate of providing for vast and 

diverse energy needs while concurrently enabling the world to reach its climate and 

environmental goals. Factors driving the growth of solar include: environmental 

benefits and reduced health care costs, widespread abundance and geographic 

availability, as well as strong political and societal support.  Ultimately however, the 

success of solar rests on the economics.  The cost of energy from solar will determine 

its long term growth. Luckily, the solar cost forecast looks bright. 

Chapter 1 
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Figure 1-1: Growth of solar and cost of solar panels (raw data taken from [2]–[4]) 

Due to a rapid learning curve and government support, solar has grown faster 

and dropped in cost more quickly than even optimistic forecasts from a decade ago as 

seen in Figure 1-1.  Compound annual growth rates of greater than 50% for the past 

decade have lifted solar from 330 MW installed in 2001 to 32,000 MW installed in 2012 

while costs have fallen from >$4/watt to under $0.70/watt today [2], [5].  While 

crystalline silicon continues to dominate the photovoltaic market, polycrystalline thin 

films offer a number of attractive properties including: improved light absorption, defect 

tolerance, and a shorter, simpler fabrication process. First Solar has been the dominant 

thin film provider and demonstrated the cost potential by being first to achieve 

productions costs less than $1/watt in 2009 and has delivered more than 10GW since 

their founding [6]. Although thin films have traditionally claimed lower costs with lower 

efficiencies, recent improvements have shown high efficiencies are possible in both lab 

and production. Cu(InGa)Se2 holds the thin film efficiency record at 22.3% in the lab 
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[7], [8], while the CdTe champion cell has improved 16.7 to 21.5% over the past five 

years after not improving for a decade from 2001-2011 [9]. Similarly, in modules in 

production, First Solar has improved CdTe from 11.2% module efficiency in Q2 2011 

up to 16.2% for the lead lines in Q2 2015 and has also demonstrated a champion module 

of 18.6% [6], [10]. The efficiency improvements demonstrated by First Solar are the 

first time a thin film module has been competitive with or surpassed polycrystalline 

silicon in efficiency. While the number of companies exploring thin films has decreased 

in the past decade, recent technological and production progress has shown a promising 

path for a few key players to expand the thin film market. 

Despite the continuing improvements in CIGS and CdTe thin-films, the record 

growth of solar has raised questions about the long term viability of solar energy 

dependent on rare elements or scarce materials. Indium in CIGS, and tellurium in CdTe 

are both potentially supply constrained materials that may prove limiting in the future. 

While raw materials prices currently represent a fraction of thin film solar production 

costs, continued thin film growth may tax supply and demand, raising material costs 

and limiting future cost reduction.  Different estimates in the literature predict that raw 

material availability may be a limiting factor if thin film production reaches between 20 

GW/year for conservative estimates, to greater than 100 GW/year for more optimistic 

estimates [4, 5].1  Given current solar growth trends –the current industry will produce 

more than 50 GW of panels in 2015 [4]– and the current world energy demand of 18,000 

GW, even the higher limits of thin film production could potentially be reached well 

before mid-century.  A new material, Cu2ZnSnS4 (CZTS) and related compounds 

                                                 

 
1 Recent evaluations of the In and Te markets are given in Ref [172]–[174] 
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including the selenide2, have become leading candidates in the search for earth abundant 

alternative thin films.  In fact, enough raw materials (copper, zinc, tin and sulfur) are 

produced in one month to create solar panels capable of powering the entire world 

(Figure 1-2). 

 

Figure 1-2: Potential solar energy from raw materials for common thin films (raw data 

from [13]) 

1.2 Introduction to CZT(S,Se) 

CZT(S,Se) is a compound semiconductor that crystallizes in the kesterite 

structure derived from the zinc blende structure.  It has many similarities to CIGS 

including an optical band gap that is optimally suited for capturing the solar spectrum 

and that can be tuned linearly by substituting selenium for sulfur, from 1.0 eV for the 

                                                 

 
2 Se is less abundant than sulfur, but the raw material availability is not expected to be 

constrained in the near term as discussed in Ref. [175] 
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pure selenide to 1.5 eV for the pure sulfide3.  The semiconductor is p-type and direct 

gap with high absorption coefficient (>104/cm) which allows most light to be captured 

in a one micron thin film.  Interest in the material has grown significantly in the past 

five years as seen by the large increase in number of and journal publications, while lab 

efficiencies have risen from 6.7% in 2007 to 12.6% in 2015 (Figure 1-3).   

 

Figure 1-3: History of CZTS related publications and efficiency (Google Scholar 

search term: (CZTS, CZTSe, Cu2ZnSnSe4, Cu2ZnSnS4, Kesterite) AND 

(solar or photovoltaic) 

1.3 Challenges with CZT(S,Se) 

Despite the recent improvements in efficiency, a number of challenges have 

slowed further efficiency improvements and may threaten future prospects for the 

CZT(S,Se) material system.  The primary long-term barrier is controlling the complex 

defect chemistry of the material system which is discussed at the heart of this work. The 

                                                 

 
3 This investigation is primarily focused on Cu2ZnSnSe4 so the term CZTSe will 

generally be adopted, however remarks frequently pertain to Cu2ZnSnS4 (CZTS) as 

well as the alloy, Cu2ZnSn(S,Se)4.  
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complex chemistry of the quaternary phase also leads to challenging fabrication and 

difficult characterization of CZTSe and secondary phases. These challenges are 

addressed in more detail in Part II of this work.  

The current-voltage (JV) output curve under one-sun illumination of the current 

champion device can be seen in Figure 1-4.  Interestingly the bandgap of 1.13 eV 

(achieved at ~75% Se:S) is comparable to current champion CIGS devices, however the 

efficiency, and specifically the voltage, is severely lacking.  The JV curve based on the 

Shockley-Quessier (SQ) limit is also plotted as an upper theoretical bound for voltage 

and current and the deficit to this limit can be a useful metric to measure progress. In 

the case of CZT(S,Se), the current is 84% of the SQ limit while the voltage for the 

champion cell is only ~54% of the theoretical bound.  The open-circuit voltage (VOC) 

at a given band gap is ultimately controlled by recombination through defects –either in 

the bulk or at surfaces/grain boundaries.  Therefore the origin, understanding, and 

control of defects is of primary importance for future progress of CZT(S,Se).  The 

understanding and origin of defects is discussed briefly in Chapter 1.3.1 and is the focus 

of Part 1 of this work.   
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Figure 1-4: Champion CZT(S,Se) IV curve and deficit to theoretical limit (data taken 

from [7], [14], [15]) 

Beyond the lack of understanding of fundamental defects, challenging 

fabrication and characterization of CZT(S,Se) are a continued barrier to progress. 

Compared to CIGS, CZT(S,Se) contains more volatile phases, is less 

thermodynamically stable, has a smaller single phase regime, and has a larger range of 

native defects and defect complexes. In addition, secondary phases possess related 

crystallographic structure with similar lattice constants and are therefore difficult to 

discern via techniques such as XRD. The similar lattice also allows low-energy epitaxy 

between CZT(S,Se) and secondary phases which exist at surfaces, grain boundaries or 

even as inclusions within a grain. Strategies for formation of thin films and control of 

secondary phases are discussed in Part II of this work. 
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1.3.1 Understanding Defects and Motivation for Single Crystals 

Open circuit voltage in thin film heterojunction solar cells is ultimately 

controlled by defects and recombination in the space charge region of the device, arising 

from a combination of bulk and interface defect states. Unfortunately the understanding 

of bulk and surface defects in CZT(S,Se), as well as their control is severely lacking.  

First principle studies have shed light on the expected defect depths and formation 

energies however rigorous experimental verification can be very difficult. A number of 

measurements such as low-temperature PL provide insight into the depth of sub-Eg 

defects, yet the physical origins of these transitions are hard to discern.   

Polycrystalline thin film-based devices are a particularly complex system to 

study. Thin films often deviate from equilibrium bulk materials predicted in first 

principle experiments, and instead are metastable and can be inhomogeneous on both 

nano- and micron-scale. These fluctuations of composition and defect levels are 

particularly significant at grain boundaries and interfaces in which secondary phases or 

ordered defect compounds are commonly reported [16]–[18] as depicted in Figure 1-5.  

In most research, device measurements are made on isolated areas of approximately 1 

cm2 and therefore contain an amalgamation on the order of 100 million grains and 

resulting grain boundaries.  Similarly, the vast majority of electrical and defect 

measurements, such as PL, probe areas measured in millimeters, and therefore 

ultimately probe a combination of grain boundaries and bulk, as well as any secondary 

phases in the thin film material. It is worth noting despite the relatively small volume of 

a grain boundary or a secondary phase relative to the desired bulk material, they can 

still have an outsize impact on recombination or measured properties.  Carriers will 

preferentially localize to phases of smaller band gap if they are generated within a 

diffusion length of said phase. In high efficiency devices, a diffusion length is larger 
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than the micron-sized grain dimension, making carrier localization all the more likely.  

Recombination, as well as carrier transport, can therefore be dominated by minority 

phases or deviations from the bulk, even at small volume percentages of the total 

material. 

These complications can make the physical interpretation of measurements for 

polycrystalline thin films challenging to interpret. For this reason, bulk single crystal 

materials are needed to gain insight into the origin of defects and provide reduced 

ambiguity for interpretation.  

Bulk single crystals provide: a controlled crystallographic orientation, large bulk 

volume to surface ratio, reduced effects of secondary phases, and bulk properties 

generally closer to equilibrium. 

  

Figure 1-5: Depiction of potential complexities in thin films 

1.4 Approach of This Work 

The goal of this work is to provide insight into control of defects and secondary 

phases in both bulk single crystal and thin-film CZTSe. High quality CZTSe material 

and established methods for fabrication were not readily available for use, and therefore 
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in this work, we develop and optimize new fabrication methods for both single crystals 

and thin films.  Recent collaboration with IBM has helped provide a comparison to state-

of-the-art thin film devices. By studying and contrasting a single crystal system and 

champion thin films, we hope to improve understanding of the underlying CZTSe 

material. 

This work is divided into two parts. In Part 1, we aim to examine defects in 

CZTSe through the use of single crystals.  First, we develop methods of fabrication for 

millimeter-sized single crystals (Chapter 2) and then we examine four different levers 

to control defects: surface passivation, stoichiometry, dopants and substitutions, and 

temperature equilibria (Chapter 3). Using the aforementioned levers, we demonstrate 

efficient single crystal solar cell devices (Section 3.7).  

In Part 2, we examine thin films. First we look at the same four levers for defect 

modification as applied to state-of-the-art thin films fabricated by IBM (Chapter 4). 

Champion thin film and single crystal devices are compared and future opportunities 

for the materials system are offered.  

In the penultimate chapter we discuss challenges in thin film fabrication and 

improved co-evaporation methods which were developed at the IEC in 2011-2013.  The 

challenges of element volatility and CZTS decomposition in high-temperature co-

evaporation are demonstrated and an improved method for efficient devices is 

developed (Chapter 5).  The final chapter briefly summarizes the highlights and 

significance of this work. 
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FABRICATION OF SINGLE CRYSTALS 

2.1 Abstract 

Bulk CZTSe crystals are not available for purchase, nor are there established or 

well documented recipes for control of crystal size and boule homogeneity.  For this 

reason, new methods were developed and key variables were established for bulk crystal 

growth of CZTSe.   

Bulk crystal growth can generally be broadly categorized across three main 

variables: with or without a flux agent, above or below the compound melt, and with 

simple precursors –often elements, or compound precursors, through use of repeated 

ampoule growth. In this work, a non-flux method, below the compound melt was 

pursued, with a single stage ampoule growth from elemental precursors.  

Flux agents were avoided to reduce potential contamination or composition 

pinning on the phase diagram.  Both above and below melt were investigated, and their 

growth dynamics are discussed, but below-melt growth temperatures were found more 

reliable due to the challenging CZTSe peritectic phase decomposition.  Growth from 

elemental precursors under a single stage was found to be necessary for large crystal 

size, likely due to liquid phase assisted growth-mechanisms.  Repeated-stage growth 

(compactions) improved ampoule uniformity, and composition control, however grain 

growth was limited, and the simplicity, shorter times, and more flexible loading profile 

for utilizing precursor elements with a single growth stage was generally preferred for 

this work.   

Chapter 2 
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Single crystals4 with 4-5 mm grains were achieved with both above and below 

melt growth methods with no flux agent for the first time.  Growth dynamics were 

studied in detail and more than a dozen key variables were identified and utilized to 

improve crystal size and properties.   

This chapter starts with a brief theoretical background on approaches to crystal 

growth (Section 2.2) and related CZTSe specific literature, including thermodynamic 

data and phase diagrams for related phases (Section 2.2.1). The pursued fabrication 

methods are summarized in Section 2.3, and detailed growth dynamics for above and 

below melt growth are given in Section 2.4 and 2.5 respectively. Key growth variables 

and optimization are discussed in Section 2.6 and finally summarized briefly Section 

2.7. Defects, optoelectronic properties and devices for the aforementioned single 

crystals are presented in Chapter 3. 

 

2.2 Overview of Crystal Growth 

Bulk crystal growth requires significant control of elemental diffusion and 

suppression of unwanted grain nucleation. The time scale required for solid state 

diffusion over desired length scales (multiple mm) shows why liquids and flux agents 

are often utilized.  Table 2-1 compares the typical upper limits for diffusivities of 

                                                 

 
4 Single crystal is believed based on available forms of characterization. Secondary 

phases were examined by powder XRD, Raman, and EDS composition mapping. 

Laue-diffraction images were taken with spot size approximately equal to crystal 

diameter and a single orientation diffraction image was obtained among many tested 

crystals which suggests single-crystal nature. A bi-crystal would show a shifted 

orientation pattern in the Laue image.  SEM imaging before and after etching was also 

used to search for grain boundaries.  Proving the complete lack of grain boundaries is 

daunting task and beyond the scope of this work. 
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elements when diffusing in either a solid state crystal, at a grain boundary, or at a crystal 

surface. The listed diffusivities are surveyed near the melt of the given materials, and 

give a sense of the timescales needed for multi-mm diffusion [19]. 

Table 2-1: Solid state diffusivity of materials near the melt 

 

Solid state diffusion, even in optimistic cases, requires ~ 1 month for diffusion 

of 1 mm in the solid state.  It is likely then, that grain boundaries and surfaces play a 

large role in the solid state, confirms one reason why liquids and gas phase are can be 

very helpful for large crystal growth.   

The second major challenge in large crystal growth is the suppression of grain 

nucleation.  Uncontrolled grain nucleation leads to smaller polycrystalline regions 

which compete for grain size via Ostwald ripening. Although diffusion can occur on 

polycrystalline grain boundaries, the driving force for increased grain size –reduced 

interfacial area– is relatively small and therefore large single crystals are unlikely to be 

obtained [20].  

2.2.1 Literature and Overview of Methods 

Bridgman-Stockbarger technique is one of the most common bulk crystal 

growth techniques. The method involves heating a polycrystalline charge in a sealed 
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ampoule above the melting point of the material. Crystallization is then induced by a 

slow cool of the charge from one end to allow for directed solidification into a 

crystalline ingot (Figure 2-1).  The liquid phase allows for increased mass transfer agent 

which significantly reduces the diffusion problems noted above. Often a seed crystal of 

a desired orientation is used to provide starting point for crystal growth.  A 

polycrystalline boule can also be grown through the same technique when it is desired 

or when crystal growth proves to be challenging.   

Other variations based on similar principles include vertical gradient freezing 

seen in Figure 2-1. Instead of translating the charge through a temperature gradient, this 

method utilizes furnace controls to translate the temperature gradient through a 

stationary ampoule.  In this way, the material is brought above its melting point and 

directionally cooled. This method has increased in popularity due to the wide 

availability of temperature-programmable furnaces without the need for the relatively 

less common stepper motor for crystal translation. Horizontal gradient freezing (Figure 

2-1) works in a similar fashion, but the ampoule is held in the horizontal orientation and 

the temperature gradient is translated horizontally across the length of the ampoule. This 

typically results in a half-cylinder shaped crystalline boule, which has the advantage of 

decreased Z-height of melt material and a large free top surface area. The first 

characteristic is beneficial when buoyancy segregation is an issue, and the latter is useful 

to allow relaxation of strain which can be problematic across the crystal growth surface 

[20]. 
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Figure 2-1: Schematic overview of select common bulk single crystal growth methods  

CZTSe however is a peritectic system which significantly complicates liquid 

crystal growth.  The Cu2SnSe3-ZnSe cross-section of the phase diagram is shown below 

in Figure 2-2. When heated above the melt, CZTSe decomposes into a solid ZnSe phase 

and a liquid CTSe phase.  On cooling below the peritectic temperature, regions of ZnSe 

reaction with liquid CTSe to form CZTSe however additional reaction now requires the 

diffusion of reactants –ZnSe and/or CTSe– through the growing product layer –CZTSe.  

This results in a diffusion limited growth process which slows as the formed CZTSe 

increases in thickness due to the increasing required diffusion distance for continued 

reaction. Solid state diffusion often becomes the limiting growth mechanism which in 

turn limits crystal growth in timescales of interest.  For these reasons, crystal growth 

through the peritectic often results in limited crystal size and very slow reactions.5 

                                                 

 
5 Note: In this work, the terminology “Tm” or “above/below melt” will reference the 

incongruent melt/peritectic temperature of the quaternary CZTSe which occurs at 

690˚C At much higher temperatures, ~1100˚C, L-Cu2SnSe3+ZnSe becomes (next pg) 
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The vapor pressure curves for the relevant phases are listed in Figure 2-3 and 

the melting points, decomposition temperature and vapor pressures at approximate 

crystal growth temperatures are listed in Table 2-2.  At typical growth temperatures of 

750˚C, the phases with relevant vapor pressures are Se (~103 Torr), Zn (~102 Torr) and 

SnSe ~10-1 Torr.  Note these elements and phases typically react during the temperature 

ramp up and therefore the listed vapor pressures are likely not achieved.  Additionally, 

the high Se secondary phases CuSe and SnSe2 typically decompose at ~387˚C and 647˚C 

although decomposition is likely delayed due to the high expected Se partial pressures. 

This decomposition leads to Se vapor pressures over the binary compounds as shown in 

dotted lines in Figure 2-3 where the curve stops at the literature decomposition 

temperature.  Data on vapor pressures and decomposition curves for CTSe and 

Cu2SnSe3 are not available in the literature however TGA experiments performed in this 

work suggest decomposition of CTSe into Cu2Se + SnSe at ~627˚C, and decomposition 

of CZTSe at ~670˚C under flowing N2 atmosphere through the loss of Se in the gas 

phase.  The actual decomposition temperatures during crystal growth will again be 

higher due to the high partial pressures of Se and other components in the sealed 

ampoules.  The TGA curves and details are listed in the Appendix Error! Reference s

ource not found..  

                                                 

 

a homogenous melt. This point is less relevant for the growth approaches of this work. 

Any other melt points for related phases, such as the ternary, will be specified. 
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Figure 2-2: Phase diagram of CZTSe (modified from [21]). Temperature in Kelvin. 

Note: CZTSe region width is not to scale. 

 

Figure 2-3: Vapor pressure curve for elements and relevant phases. Data taken from 

Knacke [22] 
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Table 2-2: List of melting point and decomposition temperatures for relevant 

compounds  

  TM / TD Notes 
Pself  @ 

750℃ 
Pse @ Td Source 

CZTSe 789℃ 

Peritectic: Cu2SnSe3 (L) + ZnSe 

(s). Decomposes at ~670℃ in 
N2 from TGA experiments 

- - [21] + this 

work 
[Appendix] 

Cu2SnSe3 687℃ 
Decomposition at ~627℃ in N2 
from TGA experiments 

- - 

SnSe 873℃ Melt but Sublimes easily.  8 x 10-1   

Knacke 
[22] 

SnSe2 647℃ Decomposes to SnSe + Se (g) - 6.2 x 101 

CuSe 387℃ Decomposes to Cu2Se + Se (g) - 3.1 x 10-1 

Cu2Se 1113℃ Melt - - 

ZnSe 1525℃ Melt 4.0 x 10-10 1.8 x 10-3 

Cu 1085℃ Melt 4.4 x 10-8   

Zn 420℃ Melt 1.3 x 102   

Sn 232℃ Melt, Sublimes easily 1.4 x 107   

Se 221℃ 
Melt. Gas phase Sex chains. 

Se2 dominant at 750℃. 
1.5 x 103   

 

2.2.1.1 Overview of Flux Growth Methods 

An alternative to the above methods involves adding external flux agents to 

enable mass transport and control crystal growth. Chemical vapor transport is one such 

method where a flux agent, such as iodine, is added to a sealed ampoule.  This method 

often involves formation of a CZTSe precursor through solid state reaction, followed by 

loading of CZTSe powder into a sealed ampoule with the iodine flux agent.  The 

ampoule is put in a strong temperature gradient where the precursor solubility with the 

flux agent is high in the hot end, but low in the cold end.  This results in the transport of 

CZTSe to the cold end of the ampoule. The gradient is then reversed and reduced to 

decrease the driving force for nucleation and the flux agent transfers the precursor again 

to the cold end of the ampoule where single crystals are grown.  There are a number of 
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challenges with this technique including control of final crystalline dimensions.  For 

example the most successful early result of this growth technique was crystalline 

needles 20 x 0.1 x 0.1 mm [23], more recent groups have achieved 5 x 1.5 x 1 mm [24]. 

Despite the operational challenges, the main drawback is potential for unintentional 

contamination of crystals with the flux agent which can alter electronic properties even 

at low concentrations.  Since the goals of this work included the study of defects in 

equilibrium states, external flux techniques were avoided. 

The largest single crystals yet obtained for CZTSe were grown with a traveling 

heater method with a liquid Sn flux. Nagaoka et al pioneered the method for CZTSe and 

have achieved single crystals up to 20 mm in size (although complete lack of grain 

boundaries is hard to demonstrably prove) [25]–[27].  This technique uses excess Sn as 

a solvent to dissolve the solid CZTSe phase at 900˚C.  A heater transferred along the 

length of the ampoule with a narrow hot zone at 900˚C moving at a rate of 4-5 mm per 

day.  Similar to other liquid techniques, CZTSe in liquid Sn at the cold end of the 

ampoule is selectively precipitated at the growth interface. The main drawback to this 

technique is the additional liquid Sn may limit the stoichiometric control of the growing 

crystal and could lead to compositional pinning of the crystal along the Sn-edge of the 

phase boundary.  There is ample evidence that Sn-rich crystals do not make good solar 

cells. In fact [2CuZn+SnZn] defect complexes are predicted to be the most abundant deep 

defects in CZTS and CZTSe [28].  Experimental support for this idea has been well 

demonstrated by Halem et al. with time-resolved-photoluminescence (TRPL) lifetimes 

as a function of Cu/Sn concentration [29]. Additional empirical evidence shows the best 

performing CZTSe devices are rich in Zn relative to Sn (Zn / Sn = 1.1-1.2) [30]. For 

this reason, a Sn flux was avoided in this work.  Similar pinning of the phase diagram 
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may result from a Zn flux method (Zn melts at the 420˚C but the Zn-CZTSe liquidus 

curve is not known).  The one element in CZTSe for which excess may not be 

detrimental is selenium.  In fact many successful thin film growth methods use 

significant excess Se including the current champion device [31].  For this reason, 

crystal growth with excess Se intended to provide a liquid flux was investigated and is 

discussed in Section 2.6.4.2 .  

It is worth noting that despite the excess Sn flux used during growth, Nagaoka 

et al. has reported Cu-poor and Zn rich crystals as desired for solar cells [27].  Due to 

the success of the traveling heater method in the last two years, we are in process of 

developing similar tools and growth processes at the IEC.   

Variations on all aforementioned non-flux methods were examined (Bridgman, 

VGF, HGF) as well as solid state synthesis which avoids the peritectic phase 

decomposition.  Both strategies, above CZTSe melt growth and growth below CZTSe 

melt will be discussed in more detail in the section below. 

2.3 Fabrication Methods 

Many variables were investigated including: variations on temperature profile 

(max temperature, duration of annealing, ramp rate, rate of cooldown, and temperature 

gradient), variations in precursors (quantity, precursor form factor (powder vs. pellet), 

elements vs binary + ternary phases) and variations in ampoules (size and dimension, 

as well as carbon-lined and bare quartz). The effects of these variations are discussed in 

latter sections. However the most general procedure is listed below and variations to 

that procedure will be specified. 
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The standard process is depicted in Figure 2-4. First, 8-60 g of high purity Cu, 

Zn, Sn, and Se elements6 were weighed to the desired stoichiometry and loaded into a 

cleaned and etched7 quartz ampoule ~1 cm inner diameter.  The ampoule was sealed 

under dynamical pumping at a base pressure ~1x10-6 Torr and the ampoule was placed 

in a vertical furnace and heated, held and cooled according to a desire temperature 

profile. After cooldown, the quartz ampoule was broken to extract the solid 

polycrystalline boule.  The characteristics of the outer edge of the boule were 

investigated via optical photographs, XRF composition profiles, and Raman spectra.  

Crystals were found to cleave naturally along growth planes with the application of 

pressure to the boule. Chunks often separated as polycrystals which required additional, 

more deliberate separation. In certain cases, the boule was instead cut into wafers with 

a diamond-coated wire saw.  This allows for vertical cross sections of the boule growth 

and easier handling. Despite this benefit, individual crystal extraction method was used 

more frequently due to the ability to interrogate natural crystal growth facets, provide 

crystal orientation in an arbitrary direction, and obtain single crystals in the absence of 

grain boundaries. 

 

                                                 

 
6 6N Cu, Zn, Sn and 5N Se elements were purchased from Alfa Aesar.  Millimeter-

sized shot were used for Cu, Sn and Se, however Zn precursor morphology varied 

between Zn shot and Zn powder depending on the growth. The effects of variation in 

Zn precursor morphology are discussed in Section 2.6.3Error! Reference source not f

ound.. To mitigate oxidation, Cu shot was etched in ~5% nitric acid for 15 seconds 

prior to ampoule loading. 

7 Quartz ampoules were etched 30 min in aqua-regia to remove impurities and flame-

polished to reduce surface defects 
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Figure 2-4: Summary of steps in obtaining single crystal CZTSe.   

2.3.1 Summary of Below Melt Procedure 

The furnace was ramped over 24 hours to a max temperature of 760˚C defined 

(~29˚C below the melt temperature) at the top of the elemental charge and held for 20 

days under a temperature gradient of ~25˚C/inch with the top of the ampoule at the 

highest temperatures to avoid preferential condensation of gas phases.  After 20 days at 

the set point temperature, the ampoule was cooled naturally over 12 hours to ambient.   

2.3.2 Summary of Above Melt Procedure 

Crystals were grown above the melt using the vertical gradient freezing method.  

The procedure was very similar to that used for the crystals fabricated below the melt, 

described above, however the max temperature was set to 840˚C at the coldest point in 

the ampoule, leaving all of the ampoule above the peritectic decomposition temperature 

of CZTSe 789˚C.  The temperature was then lowered slowly at 1˚C/hr until the bottom 

of the ampoule reached 740˚C at which point the entire boule is in the solid state. Speed 

of cool-down increased to 4˚C/hr for an additional 50 hours until the bottom of the 

ampoule achieved 540˚C at which point the ampoules were let naturally cool over ~12 

hours.  
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A representative boule from growth temperatures both above and below the 

peritectic temperature can be seen in Figure 2-5. Raman was used to confirm the phases 

present along the outer length of the boule as listed in the Figure. 

 

Figure 2-5: Photos and XRF profile of boules fabricated above and below the melt. 

The boule grown above the melt showed clear segregation of phases ZnSe and 

Zn-rich CZTSe spanning at the bottom of the boule located at the coldest end of the 

ampoule and CTSe with a thin layer of SnSe2 at the top of the boule. The middle region 

of the boule contained CZTSe with large grains, while a small porous highly Zn-rich 

portion remained adhered to the quartz above and physically separated from the boule.  

The boule grown below the melt exhibited a significantly more uniform 

composition close to that of CZTSe throughout its length.. The bottom of the boule still 

exhibits a very slight increase in Zn-composition while the top of the boule similarly 

contains a small region of CTSe followed by SnSe2.  Raman confirmed the edges of the 

boule were almost entirely CZTSe along the area of uniform composition. The phase 
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homogeneity was found to increase with increasing temperatures below the CZTSe 

melt.   

2.3.3 Comparison of Crystal Size 

CZTSe crystals were found to be identifiable by naked eye by from distinct shiny 

facets and a golden hue under the reflected light. This was confirmed by Raman, powder 

XRD, SEM/EDS and XRF as well as Laue diffraction patterns.  Only crystals of notable 

size, typically greater than 1 mm were chosen for further characterization while in most 

growths significant quantities of small grained material was not analyzed further.  

The distribution of crystal sizes above and below the melt is seen in Figure 2-6. 

Crystal growth above the melt resulted in less than a dozen crystals, however the crystal 

sizes ranged up to ~5 mm when conditions were optimal.  In contrast <Tm crystal growth 

resulted in dozens of crystals although only a handful of large crystals were obtained 

per batch.  An explanation for the main features of the above and below melt are 

explored in more detail below. 
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Figure 2-6: Distribution of crystal size above and below the melt. X-axis is crystal 

count. Temperatures at the midpoint of each ampoule for below melt 

samples were 735, 755, and 775˚C. 

2.4 Growth Dynamics Above Tm 

To investigate the phase formation dynamics above the melt, additional samples 

were prepared for growth according to a similar vertical gradient freezing method and 

then quenched at desired points during the crystal growth.  The temperature profile is 

shown in Figure 2-7.  
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Figure 2-7: Temperature profile of samples quenched during above-melt growth. The 

temperature at the top and bottom of the boule are listed as a range. 

Temperatures in red are above the melt. 

Three ampoules, SY41A, B and C, were prepared in parallel with elemental 

precursors. All ampoules were heated to 1000˚C for 1 hr to promote homogenization 

and then cooled quickly to 890˚C (remaining above the melt) before slowly cooling to 

775˚C.  The growth interface occurs at Tm, 790˚C, and moves slowly up the ampoule at 

~0.5 mm/hr as the boule cools.  The first ampoule (SY41A), was quenched from the 

max temperature of 1000˚C where the entire ampoule should be above the CZTSe melt.  

Ampoule B was quenched at the midpoint (835-765˚C) such that the top of the ampoule 

would remain liquid while the bottom would be solid. Ampoule C was quenched after 

the growth interface had passed above the top of the ampoule and the entire ampoule is 

expected to be below Tm (as depicted in Figure 2-7).8 

                                                 

 
8 The cooldown was slowed further (compared to earlier >Tm growth) to promote 

crystal growth. The rate of crystal growth can be calculated based on the temperature 

gradient of (~25˚C/in) and cooling rate (0.5˚C/hr) to be ~0.5 mm/hr. 8 
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Figure 2-8: Schematic of above melt growth dynamics.  

Based on XRF, Raman maps and powder XRD analysis of the aforementioned 

samples the following key steps were determined and depicted in the Figure above. 

1) During ramp, elements melt and react to form binary, followed by ternary, and 

finally quaternary phases. If enough Zn adheres to ampoule above boule, ZnSe 

forms and remains separate from liquid phases and growth process.  

2) Above the peritectic decomposition temperature, only liquid CTSe and ZnSe 

phases are favored (with small amounts of Zn dissolved in CTSe) – depicted in 

Figure 2-8-a. 

3) ZnSe solid phase segregates to the bottom of the ampoule due to buoyancy 

effects and the heavier density relative to the liquid CTSe phase. 

4) During cooldown CZTSe begins to form when the bottom of the ampoule goes 

below peritectic decomposition temperature. The growth interface for CZTSe 
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occurs between the ZnSe phase at the bottom of the ampoule with the liquid 

CTSe phase above and moves up as the ampoule cools. 

5) CZTSe crystal growth occurs at 0.5 mm/hour until the diffusion of the 

reactants cannot supply the necessary elements to the reaction interface which 

requires diffusion through the increasingly thick CZTSe layer.  

Zn-rich regions are sometimes found adhered to the ampoule wall above and 

physically separated from a dense boule (as depicted in Figure 2-8).  If enough Zn reacts 

above the region of the boule early in the reaction, the resulting ZnSe can bridge across 

the quartz ampoule. Similar Cu and Sn rich phases will melt with CTSe or at the 

peritectic decomposition temperature and are then condensed in the bottom boule.  ZnSe 

however, will stay solid throughout the entire growth and even above the peritectic 

temperature since the melting point 1525˚C, far above reaction temperatures. Thus, 

ZnSe formed above the boule will remain for the duration of the growth with small 

reduction over time due to slow solid state diffusion.  

2.4.1 Crystals Above Tm  

While crystal sizes were found to be large, they were more frequently found to 

border regions of secondary phases with growth above the melt.  Individual crystals 

were sometimes observed to span the entire vertical CZTSe region, bordering Cu2SnSe3 

on the top, and regions of ZnSe on the bottom. An example of this is depicted in Figure 

2-9.   
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Figure 2-9: Example of crystal obtained above the melt. a) Top view of crystal by 

SEM extracted in between top layer of Cu2SnSe3 and bottom layer of 

ZnSe. b) Schematic representation of phases 

2.5 Growth Dynamics Below Tm 

To optimize growth below melt, similar to the aforementioned experiments, a 

series of ampoules were quenched during the typical growth process to gain better 

understanding of growth dynamics.   

The temperature ramp procedure was empirically found to be critical for final 

phase formation for samples grown below the melt, and was therefore studied in more 

detail.  Five ampoules were quenched at strategic points above elemental melting and 

reaction temperatures. Ampoules were quenched at set points of 260˚C, 418˚C, 600˚C, 

and 790˚C, although temperatures at the bottom of boule were 40˚C lower due to a 

temperature gradient. The sequence of reactions occurring during this growth is shown 

in Figure 2-10. 
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Figure 2-10: Schematic of growth dynamics below melt 

The melting points of relevant phases are listed in Table 2-2 and the vapor 

pressures were given in Figure 2-3, however based on XRF, XRD and SEM/EDS 

measurements, the following critical points are summarized below: 

 At 220˚C Se melts, and 232˚C Sn melts. Cu2-xSe (s) and SnSe (s) formation 

occurs rapidly starting approximately at the Se melt temp.  

 >400˚C Zn has as significant vapor pressure (8.5*10-2 Torr at 400˚C) and reacts 

with Se gas forming ZnSe coating on ampoule walls. This thin ZnSe coating 

often remains fixed for the duration of the anneal. CTSe formation also begins.  

Above the Zn melt (420˚C) ZnSe is formed which begins to diffuse and react 

with CZTSe 
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 >690˚C CTSe melts and the liquid reacts with ZnSe to form CZTSe crystals. 

 Crystals grow on the order of 1 mm / week depending on variables between 10-

30 days (plotted in Figure 2-13) 

In the literature, CZTSe sealed ampoule growth has been predominantly 

performed below the melt due to the challenges associated with peritectic 

decomposition [23], [25], [32]–[37]. However, in contrast to the mm-sized crystals in 

this work, only small grained sub-mm polycrystalline powders have been reported. In 

light of the failure to achieve large grain sizes in the literature, the >4mm grain growth 

obtained in this work requires some explanation.   

The published literature for CZTS and CZTSe single crystal growth has focused 

on characterization strictly limited to the single phase region of the growth, while 

ignoring wider questions uniformity or growth dynamics.  Very few reports have shown 

photographs of crystals or boules, and generally have avoided the topic of grain size.  

Informal discussion with authors of aforementioned reports suggest minimal large grain 

material has been achieved. The focus of most reports on CZTSe fabricated by sealed 

ampoule growth has been powder XRD, in which small grain material does not present 

a problem [34], [38], [39].  

There are a number of clues from our work that suggest that the ability to grow 

large grains below the melt point of CZTSe is supported by a liquid CTSe phase.  Under 

this hypothesis, binary and ternary phases form as the temperature ramps up, but the 

reaction to form single phase CZTSe remains incomplete due to the slow reaction and 

solid state diffusion (see Table 2-1).  CTSe is the lowest melting precursor of the system, 

so when the temperature ramps above >690˚C, a liquid CTSe phase forms. From the 

phase diagram (Figure 2-2, pg 17), ~15% ZnSe can dissolve in CTSe at the temperatures 
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of growth >750˚C. Large CZTSe crystals begin to form as ZnSe diffuses into liquid 

CTSe, pushing beyond the limits of Zn solubility and thus precipitating CZTSe. This 

crystal growth mechanism is similar to >Tm growth described in Section 2.4, but avoids 

the peritectic decomposition and limits the effect of buoyancy segregation since only 

limited portions of the boule are liquid at one time.   

Four main factors strengthen the case for the role of liquid CTSe during growth. 

First, ampoules that were ramped slowly to max temperature had generally smaller 

crystal size. These ampoules would have spent considerable time below the melt of 

CTSe and therefore may have limited liquid formation when the max temperature was 

finally reached.  Second, compositions of CZTSe were found to be typically lower Zn 

than reported via other methods in the literature as well as fixed at Cu/Sn ~ 2.0. These 

compositions persisted despite changing the loaded elemental ratios to high Zn and low 

Sn. This would be expected if CZTSe is precipitating out of a liquid Cu2SnSe3 phase 

since Zn is limited and the Cu/Sn ratio for the ternary is 2.0. Third, small amounts CTSe 

phases were found to dot the surface of many crystal surfaces, as would be expected for 

a condensed liquid flux. Fourth and finally, in certain ampoules grown, the boule 

morphology and crystal growth was similar to ampoules >Tm despite never being above 

Tm. This is shown in Figure 2-11, where a large crystalline CZTSe is region is seen 

growing below a Cu2SnSe3 region. This morphology was previously explained as the 

precipitation of CZTSe out of a previously liquid CTSe phase.  SnSe2 noted on the 

surface is also liquid during growth and is expected in excess since the ampoules are 

loaded with a Cu-poor stoichiometry.  The segregation of excess SnSe2 also explains 

the relatively fixed Cu/Sn ratio found in the CZTSe growth. This fact, as will be 

discussed in Section 3.4 on stoichiometry, is a potential limitation of growth using the 
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single-chambered ampoule to synthesize crystals while attempting to control electronic 

properties.  

 

Figure 2-11: SEM image of crystal growth dynamics <Tm showing role of CTSe. 

2.5.1 Summary of Growth Above and Below Melt 

Below melt growth was chosen as the dominant method for experiments outlined 

in this work due to more consistent results with more crystals and more uniform boule 

compositions. Throughout the lifetime of the project, a total of 11 ampoules were 

fabricated using >Tm growth, while 90 syntheses were performed below the melt. To 

perform over 100 growths, often a month in length, two vertical furnaces and a 

horizontal 3-zone oven were setup and modified for the desired purpose of crystal 

growth and up to six ampoules were often grown in parallel in a furnace to increase 

throughput and allow multiple changes of a variable to be performed.  
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Crystal size, as well as shape and other metrics were found to be dependent on 

the controlled growth variables.  In non-ideal growths, crystals were all below 1mm in 

size where in more optimized conditions, up to 60 crystals ranging from 1-5mm could 

be extracted. A typical crystal is seen in Figure 2-12. The variables affecting crystal 

growth are discussed in detail the next section. 

 

Figure 2-12: SEM image of typical single crystals (top row) and poly-crystals (bottom 

row) grown below the melt.  

2.6 Variables and Optimization 

Crystal growth includes equal measures science, art and optimization. Long 

process times that extend from 2 weeks to greater than a month make cycle times slow.  
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Unknown and uncontrolled variables or failed growths can cause significant time 

setback.  To get meaningful results and multiple-mm sized crystals, many factors had 

to be optimized and controlled.  They include temperature profile, precursors, ampoule 

size and preparation and oven geometry. The major effects of these variables are 

summarized below. 

2.6.1 Effect of Time 

Growth time at max temperature is a critical factor for optimizing growth size 

as well as understanding the dynamics of the growth process. As a test of this parameter, 

a series of equivalent ampoules were prepared and heated to a max temperature of 760˚C 

for 11, 21 and 31 days. All of the ampoules were comprised of CZTSe precursor powder, 

compacted in a manner described below. All ampoules were allowed to cool naturally 

together over ~8 hours after 11 days.  The remaining ampoules were reheated for an 

additional 10 days without opening the ampoule. The final ampoule was reheated a 3rd 

time for a total of 31 days at the max temperature.9  

                                                 

 
9 It is worth noting this series was performed as a compaction. This meant the 

precursor loaded into each ampoule was a CZTSe phase made from a previous synthesis. 

This precursor may affect the kinetics of the growth process and therefore additional 

experiments with elemental precursors may be warranted. In addition, 10% excess Se 

was loaded into the ampoule to provide a Se overpressure and act as a flux agent for 

diffusion and grain growth. 
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Figure 2-13: Crystal size as a function of time and resulting polycrystalline boules 

The resulting boules (Figure 2-13) contained a compact dense boule and a less-

dense region as was previously discussed in Figure 2-10.  With time, the size of the 

denser region grew as the less-dense region slowly diffused into the boule driven by an 

intentional temperature gradient.  The more important qualities and size of the resulting 

crystals were examined by weight.  Weight provides a quick and quantitative way to 

gauge crystal size from a particular batch.  It is worth noting however, that although 

most polycrystals were broken apart, some were left together either intentionally (to 

evaluate growth dynamics or grain boundary properties) or overlooked. This makes the 

weight count a non-exact measure of single crystal size, however trends between 

ampoules are still meaningful.   

A histogram of crystal weights is shown in Figure 2-13. Crystal weight increased 

approximately linearly time from a median of 0.01g after 11 days, to 0.024g after 21 

and 0.037g after 31 days. Additional time beyond 31 days may continue to increase 

median crystal size, however it appears that the largest crystals had more limited growth 

beyond 20 days. This decrease in growth rate for large crystals may be due to the 
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surrounding grains competing for growth in the solid-state rather than assisted by liquid 

phases, or it may stem from the lack of available material of the correct composition. 

Regions lacking the proper stoichiometry could lead to the presence of second phase 

precipitates which have been shown in the literature to significantly decrease grain 

growth through a process known as solute drag [40].  

Given the slowing growth of the largest crystals, 20 days at max temperature 

(plus ramp and cooldown) was generally chosen as the compromise between time and 

crystal size in most growths.  

 

2.6.2 Effect of Temperature 

Equivalent ampoules were fabricated and grown for 20 days at varying 

temperatures below the melt.  The ampoules were loaded at the same time into a furnace 

with a temperature gradient at different heights.  This allowed the same ramp rate and 

growth conditions.  The growth temperatures as a function of ampoule position and 

photos of the resulting boules can be seen in Figure 2-14. 
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Figure 2-14: Temperature profile for temperature series and resulting polycrystalline 

boules 

The coldest temperature at the base of each ampoule was ~710˚C, ~733˚C, and ~756˚C 

for ampoules 21a, 21b and 21c respectively.  Due to a temperature gradient of ~25C/in, 

the higher parts of the boules were exposed to higher temperatures. At 1.5in above the 

bottom of the ampoule, which is expected to be the height of a dense boule, temperatures 

were 756˚C, 777˚C and 792˚C – slightly below the melt point).   

Similar to previous descriptions, a compact dense boule was noted at the bottom 

of each ampoule, followed by a less-dense region that remained physically separated 

from the boule and adhered to the quartz glass. Notably, the highest temperature 

ampoule, 21C was completely dense without physical segregation noted in the other 

boules.  Temperatures were above the CZTSe melting temperature at the surface of the 

boule which meant any CZTS which formed above the boule would decompose and join 

the boule below. This observation may explain the lack of material accumulation above 

the boule. 
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Examination of the edge of the boule via Raman showed the higher temperature 

ampoules had fewer secondary phases throughout the dense boule region than the lower 

temperature growths. At the top of the dense boule, where crystal growth was observed, 

a thin Cu2SnSe3 layer was noted.  Above the dense boule, the less-dense region was 

noted to be mainly CZTSe, although no grain growth of significance was noted (sub-

mm).  This supports the concept that a CTSe liquid phase mediates crystal growth.   

As depicted in the histogram in Figure 2-15, crystal size was found to increase 

with increasing temperature although the largest four crystals were from SY21b at 

middle temperature.  These 4 crystals were all found in the dense lower region of the 

ampoule which was the smallest dense boule in the series. It is not clear if the 

temperature range experienced (733-749˚C) was optimal, or if the small volume of the 

boule in SY21b meant that fewer areas occurred to initiate grain growth leading to larger 

crystals. Since the largest 4 crystals made up the majority of the volume of the small 

dense region, the remaining crystals were found to be insignificant in size. 

  

Figure 2-15: Effect of temperature on crystal size 
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Temperature was found to affect the stoichiometry of the grown CZTSe as well. 

Within each ampoule, as well as between ampoules, higher temperatures resulted in an 

enhanced Zn incorporation into the CZTSe phases.  SY21C was found to have the 

highest Zn content in crystals while lower temperature SY21B and SY21A had less.  

The same trends applied within ampoules, crystals from the lower regions of ampoules 

were grown at lower temperatures and had lower Zn content.  This is opposite of the 

trend expected from buoyancy segregation of ZnSe which has been discussed in samples 

above the CZTSe melt.  It is likely that the increased Zn is related to increased solubility 

of Zn in the liquid CTSe phase, as well as additional Zn diffusion allowed by higher 

temperatures although further verification is necessary. 

  

Figure 2-16: Effect of temperature on crystal composition 

The increasing Zn-content of crystals also showed lower hole densities which were 

found to be a critical parameter for well performing solar cells [41]. Increasing Zn 

content, and thus decreasing conductivity, was a critical interest as will be discussed in 

later chapters.  For this reason, high temperature approaches near the melt were pursued.  
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2.6.3 Effect of Reaction Precursors 

2.6.3.1 Form Factor of Elemental Precursors 

Various forms of elemental precursors were explored. Of particular concern was 

the relatively large form factor of the elemental nuggets of Zn (3-4mm). Achieving 

homogenous distribution of Zn throughout the polycrystalline boule has been 

particularly challenging and this may be related to the slow diffusion of Zn once reacted 

with ZnSe.  Indeed, recent attempts to fabricate ZnSe in ampoules has demonstrated that 

Zn remains unevenly reacted after 7 days at 760˚C. A Zn powder (5N, 20 mesh) was 

obtained as a countermeasure to improve Zn distribution and reduce required diffusion. 

Zn powder was found to generally increase composition uniformity in the boule, 

although there are trade-offs with increasing potential for oxidation due to high surface 

area, Zn evaporation during evaporation during ramp, and the potential for ZnSe to form 

above the boule adhered to the quartz and remain physically separated from the boule 

for the entirety of growth. See Figure 2-8 and 2-14, both of which used Zn powder. 

A Zn wire was also tried in effort to obtain a more uniform Zn profile across the 

height of the boule. The Zn wire was cut to a length similar to the boule as shown in 

Figure 2-17, but after annealing for 20 days the form factor of the Zn wire was retained 

in the form ZnSe.  
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Figure 2-17: Comparison of Zn precursors 

Towards the same goal of improving uniformity, a Sn powder was also tried. 

Unfortunately, the resulting boules showed significant amounts of oxide and poor grain 

growth. Attempts to remove the oxide skin of the pure Sn nuggets was pursued with 

chemical etches in various acids however these trials were not successful. 

2.6.3.2 ZnSe and Cu2SnSe3 Precursors 

Precursors made from ZnSe and Cu2SnSe3 were also investigated. These 

precursors were grown in-house in sealed ampoules and then powdered with mortar 

before being mixed in the desired ratio and sealed in a second ampoule for growth of 

CZTSe. Details of each method can be found in the Appendix Pg. 217. The goal of this 

process is two-fold. First, the reaction path is simplified to a single step which may help 

reduce secondary phases in the resulting boule.  Second, because the precursor is an 
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intimately mixed powder from the previous ampoules, the starting homogeneity and 

necessary diffusion lengths can be reduced. 

 

Figure 2-18: Photos of ZnSe (A) and Cu2SnSe3 (B) precursor ampoule, three mixed 

ZnSe/CTSe ampoules before CZTSe growth (C), and achieved CZTSe 

boule and composition profile by XRF. 

The precursors ampoules as well as the mixed ampoule and final boule and XRF 

profile can be seen in Figure 2-18. Although and boule uniformity obtained from this 

method is promising, definitive comparisons with elemental precursors cannot be made 

because the reference elemental ampoule broke during heating.  Additional experiments 

and comparisons are currently being explored by coworkers.   

2.6.4 Effect of Composition 

The starting weighed elemental composition of a synthesis was varied to obtain 

a range of final stoichiometries and the effects on crystal growth, second phases and 

electrical properties were explored. The changes are explored more detail in Chapter 3.  
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2.6.4.1 Effect of Cu  

Ampoules were weighed with different target Cu stoichiometries (SY24A-E) 

and the resulting crystal properties as well as crystal sizes were compared (Figure 2-19). 

Crystal size was found to increase as Cu concentration was decreased from Cu/(Zn+Sn) 

= 1.0 to 0.7. Se was kept at a fixed 8% atomic excess in all growth in order to provide a 

charge balance of cations and anions for the samples with the lowest Cu10. An additional 

ampoule with stoichiometric Cu and no additional Se was also prepared for comparison 

and is discussed in the next section.  

    

Figure 2-19: Median crystal weight and distribution of crystal sizes as a function of Cu 

composition 

                                                 

 
10 Atomic balance of cations and anions in Cu2ZnSnSe4 is achieved with Se/cation 

ratio =1, with the elements taking the valence of Cu= +1, Zn= +2, Sn= +4, and Se = -

2, therefore the charge is balanced as well ([2*1] + [1*2] + [1*4] + [4*-2] = 0)  

However, when samples are made off-stoichiometry, either the atomic balance or 

charge balance is altered. For instance, it is thought that champion solar cells should 

be targeted with charge balance and therefore excess Se. Therefore ideal composition 

is expected at Cu1.7Zn1.15SnSe4  charge balance: ([1.7*1] + [1.15*2] + [1*4] + [4*-

2] = 0) while (Se/cation) = 1.039. 
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2.6.4.2 Effect of Se 

Se vacancies are predicted to be deep defects in CZTSe [42], and due to high 

vapor pressures, most thin film growth processes utilize very high overpressures of Se 

to ensure stoichiometry is not deficient in Se. In sealed ampoule growth, excess Se has 

another potential benefit in that it could potentially provide a flux agent for improving 

element diffusion due to the low melt temperature. A liquid Sn flux has been 

demonstrated to grow large crystals in the literature [26], however as noted previously, 

excess Sn is a particular concern for electronic properties of CZTSe.  In theory, Se is 

the one element in the CZTSe system where detrimental electronic effects are not 

predicted from its presence in excess, and therefore Se would be an ideal flux agent, if 

it could work.  This concept was explored on multiple occasions however the potential 

benefits noted above did not bear out.  In fact, high quantities of excess Se were found 

to increase phase segregation and decrease crystal size (Figure 2-20 and Figure 2-21).  

For the highest quantities of Se (33% excess), all of the Zn was observed at the bottom 

of the ampoule followed by a thin layer of CZTSe with Cu, Sn and Se rich phases found 

on top.  The kinetics as well as the thermodynamics of growth are likely changed by 

excess Se and it likely that Se rich secondary phases are lower free energy compared to 

the desired CZTSe + Se. In fact EDS noted regions consistent with Cu2SnSe8 and 

Cu4Sn3Se8, as well as SnSe2 all of which have higher Se/cation ratios than CZTSe. 

Cu2SnSe3 has been known to have many similar off-stoichiometric and high Se phases 

and therefore the above phase are not unsurprising. The thermodynamics of such phases 

are not available. 
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Figure 2-20: Effect of excess Se on boules and phase distribution. 

In addition to increasing phase segregation, CZTSe crystal size was also 

suppressed.  In a separate synthesis, 8% excess Se was added to a stoichiometric growth. 

This was found to result in reduced crystal size as noted in Figure 2-21. A low Se 

growth, at Se/cation ratio = 0.96, was also tried, however crystal size appeared slightly 

reduced compared to stoichiometric and low PL intensities were observed which match 

with the theoretical prediction of deep defects for Se vacancies. Based on the above 

data, valance balanced amounts of Se are thought to be best for growth size, while re-

annealing CZTSe in excess Se post-crystal growth may be an additional tool for 

reducing Se vacancies and improving electronic properties without favoring secondary 

phases. 
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Figure 2-21: Crystal size as function of Se. 

2.6.5 Achieved Compositions 

Over 100 ampoules of a variety of compositions were created during this work 

(Figure 2-22: Summary of ampoule compositions explored by loaded elemental 

ratios2-22). Effort focused on the Cu-poor, Zn rich region (Cu/ZnSn = 0.8, Zn/Sn=1.2) 

which is found to be optimal for devices, however additional ampoules of other 

stoichiometries were fabricated to better understand the effect of bulk composition on 

electronic properties (explored in Chapter 3).  
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Figure 2-22: Summary of ampoule compositions explored by loaded elemental ratios 

Stoichiometric control was achieved by changing the elemental ratios loaded 

into an ampoule before growth, however the final bulk crystal composition did not 

always equal the loaded ratio of elements.  As seen in Figure 2-23, stoichiometric 

ampoules generally gave near-stoichiometric crystals, and Cu-poor ampoules generally 

gave Cu-poor crystals, however there were limits and exceptions to this trend.  When 

excess Se was added to otherwise stoichiometric ampoules, the compositions were 

found to skew to low Cu and high Zn.  As previously suggested in Section 2.6.4.2, Gibbs 

Free Energies of excess Se may favor reactions with Sn and Cu2SnSe3+x, which would 

in effect make the remaining CZTSe Cu-poor and Zn rich.  

Limits were also realized for low Cu concentrations.  Ampoules loaded with 

Cu/Zn+Sn = 0.8 and 0.7 both achieved crystals Cu/Zn+Sn ~0.85.  Further decreases in 

Cu were appeared difficult with the given growth methods however other methods such 

as compactions were found to help improve stoichiometric control and achieved crystal 
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stoichiometries as low as Cu/Zn+Sn =0.83. Further decreasing Cu and achieving Cu/Sn 

ratios closer to 1.75 is likely an important step for further improving bulk qualities such 

as lifetime [29] and further improving devices.  It may be that Cu/Zn+Sn ~0.85 is at the 

boundary of the CZTSe phase diagram at the growth temperatures of ~750˚C, however 

the achieved composition may speak more to the growth method relating to liquid Cu-

Sn phase, rather than fundamental limits. Additional efforts to alter composition via 

post-annealing, compactions, or new growth techniques are being pursued and may 

prove fruitful. 

Within one ampoule, compositions of different crystals had a variance of less 

than 5% as depicted from Figure 2-23.  Although improved composition control 

continues to be an important goal, the method of this work allowed for dozens of crystals 

to be fabricated at the same time and then quickly screened for the desired properties 

(composition, conductivity and size), and then further down-selected for detailed 

characterization or fabrication of single crystal devices. 
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Figure 2-23: Composition of polished crystals by XRF compared to loaded elemental 

ratio 

2.6.6 Other Growth Variables 

A number of other variables were explored including: ramp-rate, rate of cool-

down, quartz liners, ampoule size, and growth orientation. They are summarized in brief 

below. 

A carbon liner can be added to ampoules for the dual purpose of gettering 

oxygen with the unburned hydrocarbon while also providing protection reduced 

adhesion to the quartz ampoule wall.  Liners from acetone and xylene were tried, but 

few significant differences were noted. In certain cases it appears the liner may have 

contained residual hydrocarbon increasing probability of ampoule explosion. The liner 

was found to be effective in preventing de-vitrification of quartz when Na was 

incorporated.   
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Ramp-rate has the potential to control early precursor reactions as well as affect 

the quantity of liquid phases achieved during growth. Ramp rate is limited by the 

potential for excess Se overpressure in the ampoule which can cause the ampoule to 

explode. Particular caution must be used when ampoules are made using sulfur instead 

of selenium since the vapor pressure of sulfur is 5-10x higher than Se (at 750˚C PSe =2.2 

atm while PS =14 atm). In addition, it was found when ampoules were ramped too 

quickly that violent reactions within the ampoule can occur resulting in vibrating and 

dislodging the ampoules from their desired growth positions. There is evidence that the 

reaction, which occurs between 400-600˚C, relates to a Cu, Sn or Se reaction since it 

was observed when in an ampoule containing Cu, Sn and Se, while it was not observed 

in ampoules containing only Zn and Se. The most commonly used ramp rate was 500˚C 

in 1 hr followed by max temperature in 24 hrs. This was optimized empirically so that 

it is slow enough to avoid violent reactions while being fast enough to avoid substantial 

segregation of liquid phases such as Se (Tm=220˚C), Sn (Tm=232˚C), and Zn 

(Tm=420˚C). 

Rate of cool-down appeared to have a small effect on crystal growth, however 

Se was noted on the sides of quenched ampoules from the residual Se overpressure at 

the quench temperature. This resulted in a dramatic red color for quenched ampoules. 

Additional effects of the rate of cool-down are discussed in the next chapter. 
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Figure 2-24: Photo of quenched ampoule and histogram of crystal size 

Ampoules sizes of 10, 12.5 or 15 mm inner diameter were utilized as seen in 

Figure 2-25, depending on quantity of desired precursor. A balance between ampoule 

size and elemental quantity was found to be important for uniformity.  As discussed, a 

significant portion of the elemental segregation is a result of buoyancy effects. When 

the height of the boule can be kept to a minimum by choosing large diameter ampoules 

relative to the precursor quantity the extent of the segregation can be reduced. Smaller 

ampoules and thus tall boules were used for the majority of growths due to their ease of 

handling and sealing however current and future work has focused on wider ampoules 

and thus shorter boules to address concerns of phase segregation.   
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Figure 2-25: Photos comparing ampoule size for 10 and 15 mm ampoules both with 

10g of loaded elements.  

Most ampoules were grown in the vertical orientation, hung from a quartz rod 

welded to the top of the ampoule. However, the horizontal growth configuration was 

utilized in a subset of growth processes.  In the latter configuration, the ampoules were 

laid at a ~30 degree incline to promote the condensation of material in the lower portion 

of the ampoule. Vertical orientations promoted cylindrically dense boules, however 

element segregation related to density differences were more frequently problematic.  

Multi-mm crystal growth was achieved in both methods however the majority of crystal 

growths were performed in the vertical orientation due to both availability of equipment 

(two dedicated vertical furnaces), as well as the compact and dense resulting boules. 

2.7 Summary 

CZTSe crystals in excess of 4 mm were achieved for the first time both above 

and below the melt without an external flux agent. The reaction kinetics of both methods 

were explored and optimized for crystal growth and phase purity. For above melt growth 

the limiting step is likely diffusion of Cu and Sn through the solid CZTSe product layer 

and the key variable is a slow cool down as the melt point moves through the ampoule. 

For below melt growth, slow diffusion in solid state and control of nucleation are the 
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key challenges. A liquid Cu2SnSe3 phase is suspected to play a role in enabling mm-

sized crystal growth which hasn’t been achieved in literature. 

While simple in premise, crystal growth requires patience, understanding and 

significant optimization.  The effects of numerous variables were tested and the optimal 

conditions are summarized below. 

Table 2-3: Summary of growth variables 

Variable Optimal Explanation 

Time >20 days Crystal growth continues with increasing time 

beyond 20 days, however growth of largest 

crystal may slow possibly due to competition 

of grains or depletion of Zn and increasing 

diffusion distances. 

Temperature >750-780˚C Higher temperatures below the melt gave 

generally larger crystals and more phase pure 

boule. 

Cu 

stoichiometry 

Cu/Zn+Sn = 0.7 

or less 

Low Cu in starting boule increased crystal 

size. Availability of Zn may be limiting 

element to continued crystal growth. 

Se 

stoichiometry 

Stoichiometric 

by valence 

balance 

Excess Se decrease crystal size and 33% 

excess Se resulted in extreme phase 

segregation. Thermo may favor Se rich phases 

over CZTSe such as SnSe2 Cu2SnSe3+x. Low 

Se also gives poor crystals and poor electronic 

properties. 
Zn-precursor Zn powder or 

small nuggets 

Zn is slow to diffuse  Zn powders provide 

improved Zn uniformity however potential for 

evaporation of Zn and formation of ZnSe 

above boule. 

Ramp rate 1hr to 500˚C, 

followed by 

23hr to max 

temp 

Very slow ramp may allow excess element 

segregation before reaction. However, need to 

be slow enough to avoid rapid violent 

reactions that occur between 400-600˚C and 

avoid excess overpressure of unreacted anion.  
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MODIFICATION OF DEFECTS IN Cu2ZnSnSe4 SINGLE CRYSTALS 

3.1 Abstract 

Understanding and controlling the complex defect chemistry in CZTSe is the 

number one issue contributing to the VOC deficit.  In this chapter, single crystals are 

examined through photoluminescence and hall measurements to give new insights into 

defects carrier concentration and bulk properties of CZTSe.  New passivation methods 

are developed for surfaces, and bulk defects are explored by variations in stoichiometry 

and dopants.  Additional insights into reasons why bulk compositions are found to be 

Cu-poor and Zn rich are demonstrated. The bulk incorporation of Na, which is a critical 

dopant, is measured for the first time. Further manipulation of defect populations by 

temperature equilibria are demonstrated to change sub-Eg defects critical for band-

tailing. Single crystal devices are demonstrated for the first time, and based on 

modification of surface and bulk defects as discussed throughout the chapter, a 7.8% 

efficient single crystal is demonstrated with a voltage deficit equal to record thin film 

devices. 

3.2 Overview 

Overcoming the VOC deficit in CZTSe heterojunction solar cells requires first 

identifying and then controlling both cell-based and materials-based limitations of the 

device. At the cell level the heteropartner choice and interface issues are key. At the 

materials level, the defect landscape of the semiconductors is key, in particular bulk 

Chapter 3 
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defects in CZTSe which govern doping, carrier recombination, band edges and surface 

termination.  

In an ideal homojunction cell the maximum open circuit voltage that can be 

maintained across the device at room temperature is the semiconductor band gap energy 

minus a few kT. In a heterojunction cell in which the entire space charge region is 

located within the p-type material, in which all of the photocurrent is generated, the 

maximum voltage is the band gap minus the electron affinity difference, minus the 

Fermi energies in each semiconductor. Therefore, with no electron affinity mismatch 

and high doping –Fermi energies located near the valence band in the p-type and 

conduction band in the n-type material– the maximum voltage is the band gap minus a 

few kT of the p-type semiconductor. Real heterojunction solar cells must contend with 

some degree of electron affinity mismatch, interface states, and bulk recombination. In 

this work, we will focus on understanding and modifying both bulk and 

surface/interface states. We utilize CdS as a junction partner which has been shown to 

have acceptable band alignment [43].  

In the 4-element CZTSe compound semiconductor, the native defect population 

is complex as depicted in Figure 3-1. While many CZTSe devices have been fabricated 

and many electrical measurements have been performed, the location, identity, and 

effect of the defects controlling CZTSe are not fully understand. A few key messages 

are clear from hundreds of experimental results. Cu-poor and Zn rich solar cells work 

best, deep defects of unclear origin limit lifetimes to <10 ns, and high levels of cation 

disorder appear to cause significant fluctuations of the band edges and the resulting 

band-tailing further limits VOC [14], [29], [44], [45].  
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Many of the physical insights into the origins of the defects has been provided 

by Density Functional Theory (DFT) calculations. The key conclusions are: CuZn and 

VCu acceptors are expected to be the dominant defects explaining the p-type behavior 

and trends in majority carrier concentrations. These defects, among others, are very 

highly compensated by other intrinsic defects forming neutral complexes –of which the 

most prominent is [CuZn+ZnCu]. Significant cation disorder, particularly due to Cu-Zn 

antisite formation, as depicted by the aforementioned complex, is favorable and may 

result in shallow states or local areas of reduced Eg which may explain the 

aforementioned band tails. Lastly, the origin of deep defects is not fully clear but Se 

vacancies and Sn-related defects are predicted to be deep [28], [42], [46]–[49].11 

Confirming the aforementioned defect origins and controlling the resulting 

defects in a predictable fashion has proven difficult.  This is in part due to complexities 

in thin films such as grain boundaries and metastable phases, as discussed in Section 

1.3.1. Single crystalline materials offer one way to reduce ambiguity as we study the 

CZTSe system.  

                                                 

 
11 Shi-you Chen and Su-Huai Wei at NREL have performed the most detailed DFT 

calculations for CZTSe-related materials compared to dozens of other groups in the 

literature, and their calculations are cited as the default throughout this work. NREL 

calculations have been performed with the more rigorous HSE method and utilize a 

larger 128 atom super-cell while most of the literature base cites 64 atoms. The NREL 

theory group has pioneered DFT calculations for optoelectronic materials over the last 

25 year including calculation of phase diagrams [176], band offsets [177], bulk 

defects[178], [179] and surfaces [57]. The best review of DFT calculations for CZTSe 

is Ref. [42] and is cited frequently throughout this work. 
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Figure 3-1: Depiction of defects in ideal solar cell and more complex conceptual 

picture facing multinary semiconductors such as CZTSe. Real band 

alignment for CZTSe/CdS hetero junction is Type I with ~0.4 eV spike 

due to large Eg of n-type window layer (not drawn).   

A critical goal of this work –to demonstrate reduced VOC deficit– was 

undertaken as part of a collaboration between IBM, UCSD and Harvard under a DOE 

Sunshot award. To achieve the goal, thermodynamic insights offered by DFT modeling 

at UCSD combined with device fabrication experiences at IBM revealed a series of 

device performance bottlenecks. For single crystals, improving surface passivation was 

found to be the first bottleneck that needed to be addressed. As with our eyes, with many 

measurements, one cannot “see” the bulk properties without first “seeing” the surface. 

Section 3.3 discusses crystal surfaces and methods for surface passivation. The 

following sections address understanding and improving bulk defects.  

The most basic method for manipulating the bulk defects in multinary systems 

is altering composition. Solar cells are typically made Cu-poor, with deviations in 

excess of 15% from stoichiometric Cu2ZnSnSe4 and while there are some theories 

underlying our understanding of the optimal composition, it is primarily based on 

empirical device results.  In Section 3.4, we provide additional insight into the optimal 
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stoichiometry region by measuring carrier concentrations, and sub-Eg defects of single 

crystals. 

Dopants and substitutions offer a related method of manipulating bulk defects 

and passivating surfaces. Na is the most common dopant in this system and appears to 

play a critical role in highly efficient devices. Despite the importance, the relative role 

of Na at grain boundaries vs. Na in the bulk lattice incorporation is not clear.  In Section 

3.5, Na incorporation into the bulk is measured for the first time from a diffusion profile 

into a bulk CZTSe singe crystal. A further investigation of the effects of Na on sub-Eg 

states is discussed in Chapter 4 on thin films.  

Temperature processing also plays a key role in manipulating defects. Heat 

treatment processes are critical in phase formation, growth and manipulating defect 

quantity. Section 3.5 details a less frequently considered aspect of temperature 

processing: temperature equilibria.  Quenched and slow-cooled single crystals provide 

a path to examining snapshots of defect pseudo-equilibria at different temperatures. 

Through fundamental relation between temperature and point defect concentrations, 

reduced defect densities can be achieved. The potential for reduction of Cu-Zn antisites 

which may be controlling band-tailing in this system is of particular importance, and 

therefore this investigation was pursued in the most depth. These concepts are further 

applied to thin films by low temperature annealing in the following chapter. 

A comprehensive investigation of all defect manipulation is not possible in the 

scope of a single work.  Therefore this work highlights the key variables for achieving 

high VOC for single crystals and tries to explain the findings through comparison to 

calculations from first principles and the broader available literature. The final section 

of this chapter (Section 3.7), involves the summation of all of the learning from 
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passivation, stoichiometry and temperature equilibration and highlights current 

champion efficiency single crystal solar cells.   

In the next chapter, Chapter 4, the same concepts –passivation, stoichiometry, 

doping, and temperature equilibria– are applied and investigated in thin films, and 

differences are compared and future directions are suggested. 

3.2.1 Photoluminescence Background 

Photoluminescence is used frequently in the course of this work and the critical 

aspects of interpretation necessary for this work are briefly highlighted. More detailed 

derivation of the physics can be found in references [50]–[52] but are left out of the 

body of the text for length. Additional details of the equipment, and brief modeling of 

PL spectra for related phenomenon are given in the Appendix Pg. 222.  The appendix 

includes measurements of PL injection conditions, as well as modeling of PL spectra as 

a function of Eg fluctuations, and PL intensity as a function of temperature among other 

aspects (Pg. 228). 

The interpretation of PL has two aspects: total integrated PL intensity and PL 

spectral distributions. The total integrated intensity is proportional to radiative 

efficiency, and is governed by competing non-radiative processes such as defect related 

Shockley-Read-Hall (SRH) recombination and surface recombination. By reducing 

these SRH or other non-radiative recombination (increasing 𝜏𝑛𝑜𝑛−𝑟𝑎𝑑), the radiative 

efficiency, 𝜂, improves as seen in Equation 1.   

 

 𝜂 =
1

1 + 𝜏𝑟𝑎𝑑/𝜏𝑛𝑜𝑛−𝑟𝑎𝑑
 Equation 1 

𝜏𝑟𝑎𝑑 is the radiative lifetime, which is governed by recombination type and 

energy [52]. Therefore reducing non-radiative defects and surface recombination will 
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often not affect 𝜏𝑟𝑎𝑑. This means the radiative efficiency and therefore PL intensity will 

correlate with minority carrier lifetimes. This fact –PL intensity as a metric for material 

quality– is used throughout this work, and the expected relationship between PL yield, 

minority carrier lifetimes, and VOC for this material has been confirmed in the literature 

[53]. In certain cases, where treatments change the radiative recombination type or 

energy, the radiative lifetime can also change. These cases are discussed in more detail 

for discussion of air annealing. 

PL intensities were most frequently measured with a PL imaging tool with an 

diffuse 808 nm laser (1.53 eV) due to the ability to create repeatable uniform imaging 

conditions.  Calculations using the laser setup suggest an upper bound of 1016 electron-

hole pairs/cm3 are created, which is on the border of low-high injection conditions. The 

details of the setup and the calculations can be found in the Appendix.  

The spectral PL distribution expresses the distribution and density of states near 

the band edges. At room temperature the PL spectra should give the Eg + kT/2 however 

significant band-tailing and potential fluctuations, as will be shown in this work, result 

in lower energy emission [54]. Band tailing and sub-Eg states can be most readily seen 

at low temperatures, where the thermal energy, kT, is small and therefore carriers are 

localized to the band tails and sub-Eg states.   

A pseudo-PL spectra was obtained with the 808 nm PL image tool by inserting 

a series of bandpass filters in front of the detector.  This allowed rough determination 

of PL peak energy and PL shape.  A dedicated PL spectra tool with no imaging 

capability but with a monochromator and pulsed spot laser, were utilized for more 

accurate PL spectra measurements discussed in Section 3.6 and Chapter 4. 
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The PL spectra were measured using a Hamamatsu time-correlated single 

photon counting (TCSPC) system equipped with an InGaAs PMT detector cooled to -

80˚C. A 532 nm (2.33 eV) pulsed laser was used for excitation. The laser repetition rate 

was 15 kHz with a 1 ns pulse width and a ~170 micron spot size.  A helium cryostat was 

used for low temperature measurements, and intensity dependent measurements were 

achieved by passing the laser through a variable neutral density filter. Based on 

measured power, the upper bound for e-h pair density was calculated to be between 1018 

- 1020 depending on neutral density filter position. This translates to high injection for 

the duration of the laser pulse. More details of the setup and calculations can be seen in 

the appendix Pg. 222. 

Both PL intensity, which relates to carrier lifetimes, and PL spectral distribution, 

which relates to the distribution of sub-Eg states, will be discussed through the remainder 

of the work. 

3.3 Passivation 

In device fabrication the electrical junction is formed on the CZTSe crystal or 

film surface. The chemical, structural, and electronic state of this surface region prior to 

junction formation influences the interface obtained after junction formation. The 

objective is to minimize interface states that produce high recombination currents, or 

conduction band spikes that prevent electron minority carrier collection. The processes 

used to prepare a surface with low recombination are collectively referred as 

“passivation”, and a junction having low recombination current is said to be 

“passivated”.  Passivating processes can be generally intrinsic, such as cleans, chemical 

etches, and surface reconstruction in vacuum, or extrinsic such as doping, oxidation, or 

passivation layers. A metric for assessing the relative degree of passivation is 
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photoluminescence intensity. At 532 nm, 90% of the light will be absorbed in the top 

140 nm of CZTSe, and therefore the vast majority of carriers are within one diffusion 

length of the surface and therefore PL intensity is found to be very sensitive to the 

surface condition [55], [56].  

3.3.1 Natural Crystal Growth Surfaces 

After extraction, surfaces of crystals were examined by optical microscope, 

SEM, and Raman to investigate uniformity and phase homogeneity.  Cu2SnSe3 (CTSe) 

and SnSe2 were found to decorate some crystal facets, while other facets appeared to be 

single phase CZTSe. As seen in Figure 3-2, secondary surface phases were seen most 

easily in optical microscope images and can be clearly identified in Raman spectra. 

 

Figure 3-2: Raman and optical and SEM images of as extracted crystals surfaces 

The origin of the secondary phases fits the concept that crystal growth is assisted 

by a CTSe liquid phase as described in Chapter 2. SnSe2 is also expected to be liquid at 
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growth temperatures and since crystal growth were typically performed with Cu-poor 

target stoichiometry, SnSe2 is likely to be present during growth.  

Unfortunately, the as-grown crystal surfaces do not provide suitable electronic 

properties for devices.  CTSe is a lower bandgap phase and will therefore localize 

carriers and increase recombination.  In certain stoichiometries, CTSe can be degenerate 

and therefore can potentially shunt solar cells.  Even after removal of Cu2SnSe3 

secondary phases, first principle calculations suggest that CZTSe facets that are Cu and 

Sn-rich are likely to increase recombination [57].  Measurements of PL intensity on a 

variety of as grown crystals appears to validate this prediction.  PL images of crystal 

surfaces are generally low PL intensity and non-uniform, consistent with high 

recombination and a non-uniform distribution of secondary phases.  

 

Figure 3-3: PL image for various as-grown crystals. (SY16, SY22, taken at  

30Ax10sec, 1300nm bandpass, 10K max white) 

To avoid the second phases and Cu and Sn-rich terminating surfaces, polishing 

and etching were pursued and are discussed in more detail the following sections. 
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3.3.2 Polishing  

Polishing allows for the removal of the detrimental effects and phases at growth 

surfaces and provides a better representation of the crystal bulk. In addition, flat and 

parallel surfaces of controlled thickness can be obtained which is critical for many 

methods of characterization.  

Crystals were attached to a polishing chuck glycol-phthalate thermal adhesive 

and then dry-polished with a series of fine SiC sand papers (minimum 2400 grit), 

followed by a series of wet-polishes with an alumina solution with 0.5 and 0.03 micron 

particle size.  A final polish of dilute 0.1% Br-methanol on lens paper was used for later 

crystals.  The crystals can be removed from the polishing chuck after heating to ~45˚C 

in a hot plate and then are rinsed in 50% toluene-acetone solution with agitation for ~5 

minutes to remove excess glycol-pthalate. The crystals are finally rinsed in methanol 

and then DI water. When needed, both sides of the crystal were subsequently polished. 

Crystal thickness can be controlled in ~25 micron increments with the polishing chuck 

although limited to the mechanical stability of the crystal. Crystals were typically 

polished to final thickness between 0.7 - 1 mm. 

The as-polished crystal surfaces often have lower but more uniform PL intensity 

than the natural crystal facets, suggesting additional damage is done to the crystal 

surface. Chemical etching and annealing were investigated to remove surface damage 

and passivate the crystal surface. 
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Figure 3-4: Photo of polished crystals mounted on polishing chuck after 0.03 μm 

alumina polish 

3.3.3 Br Etching 

Br-methanol etching has been used to thin both CIGS [58]–[62] and CdTe [63], 

[64], and more recently has been investigated for CZTSe [65]–[67], however the final 

surface condition and the electronic effects of the etch are not well known for CZTSe. 

In addition, the selectivity and etch rate for CZTSe secondary phases are not reported. 

Etching calibrations were performed on thin films –grown by co-evaporation as 

discussed in the next chapter– for CZTSe and additional films of CTSe, ZnSe and SnSe 

secondary phases to confirm the etch-rates as a function of Br concentration.  Linear 

rates were found with concentration and secondary phases were found to etch more 

quickly than CZTSe.   
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Figure 3-5: Etch rate of Br-methanol for CZTSe and secondary phases. 

Prior to etching, surface composition as determined by XPS was found to be an 

exaggerated version of the bulk stoichiometry.  Cu-poor samples had significant Cu-

depletion of the surface, while near stoichiometric samples appeared to have Cu-rich 

surfaces.  For samples with bulk composition pinned at the edge of the phase diagram, 

such behavior would be expected, with further deviations in stoichiometry segregating 

as surface layers or secondary phases. After etching, surfaces were found to be Se-rich 

and cation ratios shifted slightly closer to the expected bulk cation ratios (Figure 3-6).  

No traces of Br or Br-related compounds could be detected on the terminating surface 

via XPS scans. A anion terminated surface is also noted in CIGS and CdTe [58], [64], 

which for CZTSe, is predicted to reduce recombination [57].  The FWHM for Raman 

spectra is found to broaden from polishing, likely due to the mechanical damage, and is 

restored to a narrow peak after Br-etching. This can be seen in the Raman spectra on the 

right in Figure 3-6. 
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Figure 3-6: Composition of crystal surface by XPS before and after Br-etch. Right: 

Raman signal of crystal before and after etching. 

Br-etching was found to be critical part of the surface passivation process when 

making a successful device.  As shown in Figure 3-7, PL intensity increases strongly as 

a function of etch time suggesting a large decrease in surface recombination velocity. 

PL peak energy does not change which suggests the increase in PL intensity is explained 

by a reduction in non-radiative defects rather than a change in radiative emission 

pathway. 

 

Figure 3-7: PL intensity as a function of Br etch time. 
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After approximately 6 minutes of etch time on polished crystals, the PL intensity 

plateaus suggesting the surface recombination is no longer significantly changing.  The 

origin of the PL improvement continues for long etch times, as multiple microns of the 

crystal surface is etched away. This suggests that in addition modifying the terminating 

surface, removal of the top surface layer may in-part explain the change in PL intensity. 

A damaged surface layer is expected in mechanically polished crystals and the change 

in surface quality confirmed by a decrease in Raman peak width with increasing etching.  

Based on the plateau in PL after 6 minutes and calibrated etch rates as shown in Figure 

3-5, this layer appears to be ~3 microns thick. In addition to removal of a damaged 

surface layer, ultraviolet photoelectron spectroscopic (UPS) measurements of Br-etched 

films performed at IBM, suggest that an additional origin of passivation may be due 

upward band-bending which will repel electrons and lower recombination [68]. 

The results additionally suggest there is no significant degradation of the surface 

after long etch times, although the surface is found to degrade by 30-40% in PL intensity 

after 24 hours of storage in a N2 desiccator with limited air exposure. The surface can 

be restored by ~3 minutes of further Br etching. The mechanism of the degradation with 

time or atmospheric exposure requires further understanding since in certain samples, 

no changes were noted with days or even weeks of atmospheric exposure.  

Further confirmation of the improvements and importance of surface passivation 

can be seen in device results.  Devices were made on similar composition single crystals 

from the same ampoule with varying Br-etch time. Similar to PL results, VOC improved 

with increasing etch time which would be expected as surface recombination is reduced. 
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Table 3-1: Device parameters as a function of etch time. The JSC values were not 

measured with precision due to the small device area and difficulty 

accounting for probe shading losses. 

 

Despite dramatic improvements in PL and VOC, further optimization of the 

terminating surface after etching is likely needed.  Champion efficiency thin films, after 

significant optimization, use an air-anneal before the CdS bath [14]. The effects of this 

anneal on single crystals are explored below. 

3.3.4 Air Annealing 

Champion IBM films are annealed on a hot plate set at 375˚C x 10 minutes in 

lab air, although measured film surface temperatures are ~275˚C. This is found to 

increase PL intensity up to 100x which is presumed to be due to passivation at the 

exposed surface and at the grain boundaries. A SnOx phase has been shown to form at 

the grain boundaries from air annealing, and it has been hypothesized that this high 

bandgap phase contributes to passivation of the grain boundaries by confining electrons 

[69], [70]. Techniques such as cathodeluminescence are needed to evaluate this further. 

The oxide is expected to be removed from the film surface during the CdS deposition 

in the reducing chemical bath deposition, eliminating the insulating barrier while 

leaving passive grain boundaries intact. The nature of the CdS interface and offsets may 

passivate the surface further.  
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Single crystals provide an interesting comparison, since only surface and bulk 

can be affected by air annealing. The lack of grain boundaries suggests that the air 

anneal would have less effect on crystals. In addition, air annealing may affect prepared 

single crystals in a different way due to differences in the terminating surface as 

compared to thin films. Annealing a crystal may allow surface reconstruction from 

either a mechanically damaged, or Br-etched surface. Interestingly, despite the drop in 

PL due to increasing exposure to atmosphere, oxygen is reported to be a beneficial part 

of the annealing atmosphere [69], [71]. 

Unfortunately determining changes in surface recombination from annealing is 

more complex than etching.  While PL intensity from Br-etching provides a very strong 

correlation with VOC, air annealing has a more varied effect.  It is expected that etching 

only affects the top nanometer in a single crystal, however given sufficient treatment 

time, air annealing could change both surface and bulk properties.12 In fact, the PL 

energy after annealing is found to shift, which is likely to alter the radiative transition 

probability which in turn changes the PL intensity. This may explain the more nuanced 

correlation between VOC and PL intensity for annealed films.  A shift of the PL emission 

to higher energy is generally considered to be beneficial (move to shallower defects or 

increasing bandgap), yet other things being equal, the PL intensity will likely decline 

                                                 

 
12 It is unlikely that diffusion from the surface will have much effect on the bulk of the 

crystal in the temperatures (below 500˚C) and timescales of interest (minutes), 

however local diffusion, on the order of multiple unit cells can manipulate intrinsic 

defects during annealing by creating or removing antisites, interstitials and vacancies. 

Additional diffusion of defects to form more stable defect complexes is also likely. A 

rough estimate for the characteristic diffusion distances over the 10 min anneal at 

moderate temperatures can be calculated to between ~1 nm to ~1 micron for a range of 

assumed diffusivities. 
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due to the reduction of radiative transition probability for higher energy transitions [52], 

Pg. 147. 

The highest achieved increases in PL intensity with air annealing of single 

crystals are shown in Figure 3-8. Up to 10x increases in PL intensity are noted in single 

crystals, which although significant, is less than the 100x improvement sometimes 

found for thin films. The larger improvement noted for thin films is likely related to the 

large surface area of gain boundaries, which have been shown to be modified by the 

anneal [69].  For samples subjected to polishing only, where a damaged surface was 

expected, PL intensity increased by a factor of 20, although PL intensities were still far 

lower than those achieved by Br-etched crystals.  PL peak energy was also noted to shift 

to lower energies as shown in Figure 3-8B.  This shift to lower energy transition may in 

part explain the PL intensity increase. The origin of the shift in PL energy is believed to 

be related to a change in Cu-Zn cation ordering discussed in more detail in Section 3.5.  

 

Figure 3-8: Effect of air anneal on PL intensity and energy. A) PL intensity increase 

(SY24E x19). B) Normalized PL intensity showing shift of PL peak for 

the same sample.  
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In other single crystals, only modest increase or significant decrease in PL 

intensity was noted. PL intensity was found to drop by a factor of 3 in certain cases. The 

causes of the variations in PL with air annealing are not yet clear, however investigation 

is ongoing. A selection of results performed at the IEC, under controlled flowing 20% 

O2 atmosphere can be seen in Figure 3-9.  Interestingly, the highest PL improvements 

were noted using the 375˚C hot plate setup at IBM under ambient atmosphere, and the 

more controlled 20% O2/N2 atmosphere at IEC has, thus far, not shown similar PL 

intensity improvements. This raises questions about the effect of H2O however a 

controlled study of the effect of humidity has not been performed. Initial sample 

composition, as well as whether samples were originally quenched or slow-cooled, also 

appear to explain some of the variations noted with air annealing, however more direct 

comparisons are needed. 

Despite the mixed story for PL intensity, improved device operation was 

generally noted for crystals that were air annealed prior to CdS deposition. Device 

results for air annealed samples are discussed in Section 3.7. 

 

Figure 3-9: Varied effects of AA on PL intensity. [SY43a measurements conducted by 

Mike Lloyd] 
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3.3.5 Alternative Passivation Methods: ZnSe Passivation Layer 

A separate method for passivation involves depositing a capping layer on 

exposed surfaces to reduce surface/interface defect density by lattice matching, and 

further reduce recombination through band bending.  This has been strikingly 

demonstrated with CdTe epitaxial single crystals which have been grown as a double 

heterostucture with thin layers of (MgCd)Te to passivate the surfaces. With this 

technique, CdTe/MgCdTe has achieved PL radiative efficiencies comparable to the best 

GaAs/AlGaAs DH structures, and carrier lifetimes have been raised to 0.83 µs, an 

improvement of >105 compared to non-passivated single crystals [72]. 

For similar reasons, ZnSe was investigated as a passivating layer for CZTSe 

surfaces taking advantage of the close match in lattice constant and the ability of ZnSe 

to form a Type I heteroface: eZnSe = 4.09 eV (EG = 2.67 eV, h = 6.76 eV), eCZTSe = 

4.56 eV (EG = 0.98 eV, h = 5.54 eV). ZnSe was deposited through a 1.5 mm mask on 

to single crystals surfaces by co-evaporation. The whole crystal surface was etched with 

Br-methanol prior to loading and was held at 300˚C during deposition for an expected 

layer thickness of ~125 nm.  A PL image of the structure is shown in Figure 3-10. 

 

Figure 3-10: PL image and intensity of ZnSe/CZTSe. A) PL image (Note mask was 

not centered during deposition), B) PL intensity, C) normalized PL 

intensity  
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Greater than 10x increase in PL intensity was noted for regions of ZnSe 

deposition. Similar to Br-etching, no change in PL energy is found which confirms the 

reduction in surface recombination velocity. Three aspects may contribute to the 

reduction in surface recombination velocity (SRV). First, the similar lattice constants of 

CZTSe and ZnSe allows for improved interface quality with reduced defect density.  

The lattice mismatch = 0.4% and 0.1% for ao and co axes respectively [36], [73]. Second, 

the wider 2.7 eV Eg of ZnSe creates a type I band alignment between the absorber and 

the passivation layer [74]. This alignment confines carriers away from the CZTSe 

surface further reducing interface recombination.  And lastly, theoretical predictions 

suggest additional Zn-enriched CZTSe surface –which may occur by diffusion as a 

result of the 300˚C ZnSe deposition– increases the Eg slightly by reducing the valence 

band which further pushes carriers away from the interface to reduce SRV [71]. 

Separate attempts to create Zn-enriched surfaces without ZnSe were not 

successful due to decomposition of the surface and loss of Se during annealing. Further 

optimizing annealing conditions to enrich surfaces in Zn are a promising path for future 

improvements in passivation. Interestingly, despite the large conduction band spike 

expected for the interface, ZnS has been used with moderate success as a buffer layer 

for CZTS [75]–[78]. Additionally in co-evaporated CZTSe/CdS films, VOC has been 

shown to be positively correlated with Zn-content at the surface of the CZTSe. XPS 

confirmed the highest achieved VOC (400 mV) was achieved when only Zn and Se were 

detected at the surface [71]. The above results help explain the previously noted 

improvements. 

The low interface recombination for ZnSe in CZTSe helps explain why films 

with very high quantities of Zn, and considerable quantities of ZnSe, can still achieve 
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relatively high efficiency. ZnSe is found to segregate towards grain boundaries and 

surfaces during thin film growth [79], and while thicker layers on the surface or back 

contact can potentially block current [80], ZnSe segregated at grain boundaries may in 

fact improve passivation. Excess ZnSe at grain boundaries has been noted in Auger 

nanoprobe measurements performed by collaborators at the University of California at 

San Diego of high-efficiency CZTSe thin films fabricated from the baseline process for 

current world record CZTSe devices [81]. 

3.3.6 Effects of CdS 

The most critical surface for a solar cell is likely the interface with n-type 

junction since high concentrations of photo-excited holes and electrons will be 

generated near this junction, and all of the minority carriers are required to cross this 

interface. The interface partner must provide transparency, proper band alignment, and 

ideally strong surface passivation.13 CdS is the most common n-type layer used in the 

literature and in this work. The band alignment of CdS/CZTSe has been measured to be 

a spike of ~0.4 eV, however downward bending noted at the CZTSe surface suggests 

that traps at the surface could lead to problematic interface recombination [43]. These 

are competing mechanisms. As previously discussed, PL intensity measurements 

provide a means of gaining insight into carrier lifetimes, however due to the presence 

of a PN junction and resulting space charge region, additional understanding is needed.  

                                                 

 
13 A sub-surface induced homo-junction has been reported for CIGS however first 

principle calculations suggest this may not be possible due to fermi level pinning in 

CZTSe [42].13 
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The space charge region is expected to extend mainly into the CZTSe absorber 

with a width of ~50-200 nm [31]. Using Beer’s law, 90% of photon absorption can be 

calculated to occur in the top ~600 nm given the absorption coefficient for CZTSe for 

the 808 nm laser used for PL images in this work [82].  This suggests, a non-trivial 

portion of photo-excited carriers will be created in the space charge region, and since 

charge separation is typically much faster than the radiative lifetime of photo-excited 

carriers, PL intensity can be quenched [83], [84]. This quenching is balanced by 

increasing passivation, with some similarities to ZnSe.  The lattice match for CZTSe 

with CdS in the meta-stable zinc-blende crystal structure is +2.2 to 2.6% compared to -

0.1 to 0.4% for ZnSe depending on orientation [36], [73]. Generally, wurtzite is the 

preferred crystal structure for CdS where no lattice match is found under the primary 

(100), (001) axes.  A form of epitaxy may still be possible through arrangement across 

similar anion sub-lattices which can be found off the central crystal axis (i.e. (112), 

etc…) [85].  However due to the chemical bath deposition at low temperatures, as 

deposited CdS is found to have low levels of crystallinity which improve with annealing 

[86]. Interestingly, large improvements in VOC have been recently noted in this work 

after annealing the completed device at temperatures below 200˚C. Improvements in the 

latest champion single crystal device of >0.5% absolute were noted with annealing 

potentially attributable to improved CdS/CZTSe interface although more follow-up 

investigation is needed. This is discussed in more detail in the Device section (3.7). 

For single crystals, PL intensity was frequently found to be highest when coated 

with CdS, however additional before and after comparisons are required to confirm the 

findings.  As seen in Figure 3-11, PL laser intensities had to be decreased to avoid 

overexposing the PL image. The increase in PL intensity suggests CdS, similar to ZnSe, 
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is passivating the surface region of CZTSe.  CdS coats the entire crystal surface in the 

samples below and the dark circle in the middle of the crystal sample is coincides with 

the area of the ZnO/ITO. Absorption of the incident laser is unlikely to explain the 

decrease in PL intensity noted, since the ZnO/ITO have Eg much higher than the 808 

nm (1.53 eV) laser.  Literature results suggest this decrease is due to an increase in 

strength of the CdS junction with ZnO deposition, which increases the number of 

carriers quenched by charge separation [83]. The opposite behavior, a decrease in PL 

intensity with CdS, is exhibited by thin films and is discussed in the thin film Passivation 

section in Ch. 4. 

  

Figure 3-11: PL image of CdS coated crystal. Laser fluence had to be reduced (30w, 

Left) to avoid saturation (15 W, Right). CdS covers the entire crystal 

surface, and the dark circle represents ZnO/ITO layer. 

3.3.7 Summary of Passivation 

Passivation was found to be critical for single crystal optoelectronic properties.  

Growth surfaces are found to have high recombination due to high Cu and Sn and 

polished surface are found to be mechanically damaged. Br-etching is shown remove 

the damaged surface layer and improve both PL intensity and device VOC. Air annealing, 
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which is used on champion thin films devices, is also found to be helpful for single 

crystal devices although the effects on PL intensity and passivation are not clear.  For 

films, air annealing has been shown to passivate grain boundaries and results in an 

increase 10-100x increase in PL intensity, while for crystals high PL intensities are 

obtained without air annealing and the effects of the anneal appear to be more muted 

and mixed –likely due to the absence of grain boundary recombination. Passivation 

layers such as ZnSe and the effects of the CdS junction are also discussed, but as 

discussed throughout the text, further optimization of single crystal surfaces is still 

needed. 
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3.4 Stoichiometry 

The existence region of a compound semiconductor presents two challenges: the 

role of bulk defects created by off-stoichiometric composition, and the compounds or 

secondary phases formed on the bulk surface comprising the terminating surfaces.  

3.4.1 Overview 

Control of stoichiometry is critical in multinary systems.  Variations of bulk 

stoichiometry are a primary variable for control of defects in CZTSe, since variations in 

bulk stoichiometry are only possible through the formation of anti-site defects, 

interstitials and vacancies. In addition, the presence of secondary phases, particularly at 

thermodynamic equilibrium, are determined by the local composition.   

In this work we wanted to provide insight into the ideal bulk composition of for 

CZTSe solar cells. Single crystals provide a less ambiguous way of comparing bulk 

composition and basic electrical properties. In addition, due to the long, high 

temperature pseudo-equilibrium fabrication methods, composition measurements of 

bulk single crystals can provide additional data points for the phase diagram.   

The phase diagram and a brief description of the tolerance of CZTSe to 

accommodate and even require stoichiometric variations are reviewed in Section 3.4.2 

and 3.4.3 respectively. The detrimental effect of low Se are briefly discussed in Section 

3.4.4. For cations, the effects of Cu concentration were found to be the most critical 

variable for solar cell performance, and therefore variations in Cu stoichiometry were 

examined in the most detail in Section 3.4.5. Sub-sections focus on carrier concentration 

and intra-grain mobility (3.4.5.1), carrier transport (3.4.5.2), and radiative defect 

energies and recombination via PL (3.4.5.3).   
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3.4.2 CZTSe Phase Diagram and Secondary Phases 

The calculated single phase regime is shown in Figure 3-12. The chemical 

potential window for single phase CZTSe is predicted to be narrow and due to strong 

deviations from stoichiometry found for ideal films, the presence of coexisting 

secondary phases is likely. 

 

Figure 3-12: Chemical potential single phase window for CZTS (in 3D, Left) [87], and 

CZTSe (2D, right) based on first principle calculations [88]. 

In CZTSe, the expected secondary phases are Cu2Se, SnSex, Cu2SnSe3, and 

ZnSe.  In thin films, the low Eg and high conductivity of the Cu, and Sn-rich secondary 

phases provide paths for shunting and recombination [89]. Although Cu2Se and SnSex 

are found frequently, Cu2SnSe3 is not frequently reported in thin film literature, but is 

often found in single crystal formation [90], [91]. ZnSe is the most common reported 

secondary phase in large part because target stoichiometries tend to be Zn-rich, and as 

noted in the phase diagram, the CZTSe single phase region has a narrow Zn chemical-

potential width which encourages the precipitation of Zn-rich phases [42], [79]. 

Fortuitously, ZnSe appears to be less detrimental to solar cell performance, and is even 
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found in champion films [31], [79].  As previously discussed, ZnSe has a larger bandgap 

and therefore will not trap carriers and may provide passive interfaces with CZTSe due 

to band alignment and similar lattice constants. 

3.4.3 Optimal Compositions and the Role of Defect Compensation in Multinary 

Solar Cells 

The composition for optimal solar cells is approximately a 15% decrease in Cu 

and a 15% increase in Zn, equal to Cu1.7Zn1.15SnSe4 [31], [92]–[94]. One important 

question is whether the ideal composition measured in thin films accurately reflects the 

bulk CZTSe stoichiometry, or whether the measured composition is biased heavily due 

to secondary phases or strong compositional deviations at grain boundaries and on the 

exposed surface. Calculated phase diagrams based on DFT models suggest that bulk 

composition in equilibrium should be pinned at the phase boundary with secondary 

phases after only a few percent deviation in stoichiometry [42]. Surprisingly however, 

reports from single crystals, as well as data from this work, suggest deviations greater 

than 10% from stoichiometry appear to be possible in the bulk [39], [95]. Non-modeled 

factors such as temperature and entropy may account for some of the discrepancy 

between the narrow theoretically calculated phase diagram and the wider observed 

phase boundary [96]. In addition, an important recent theoretical prediction suggest the 

wide breadth of the phase diagram may also be explained by significant interaction 

between compensating defects which form extended defect complexes [49]. By 

significantly lowering the formation energy of composition-changing compensated 

defects such as [VCu+ZnCu], the achieved “single phase region is expanded. 

This empirically determined optimal stoichiometry is equivalent to substitution 

of 15% [VCu+ZnCu] compensated defect pairs. Despite an expected anti-site and vacancy 
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defect concentration of 1.5x1022, the off-stoichiometric material is found to have lower 

hole concentrations –on the order of 1016– and higher lifetimes compared to 

stoichiometric Cu2ZnSnSe4 [29].  The low carrier concentrations are evidence of 

significant compensation. This can be seen by calculating the number of free carriers 

expected using a modified fermi-distribution function for an acceptor state [97]. At 

room temperature, with an acceptor energy of 0.04 eV, as predicted for VCu, 5% of the 

states will be ionized and therefore only 2x1017 acceptors states (in this case VCu) would 

be necessary to provide the observed 1016 holes, a deviation of ~1 ppm from 

stoichiometry. Beyond reducing carrier densities, the existence of charge-balanced 

defects in close proximity has a second electrical consequence, shifting the isolated 

defect energy levels to shallower depths due to the coulomb interaction between the 

charged defects. The extent of the reduction in binding energy can be expressed by 

∆𝐸 =
𝑞2

∈ 𝑟
 where 𝑞 is the charge of the defect, ∈ is the dielctric constant of the material 

and 𝑟 is the distance between defects [52], Pg. 18.  In the lowest energy configuration 

(closest proximity), this defect pair interaction shifts the shallow VCu and CuZn defect 

states entirely inside the valance and conduction band respectively (depicted in Figure 

3-13).  This minimizes the electronic consequences for significantly Cu-poor, Zn-rich 

solar cells that would otherwise would be detrimental due to extremely high 

concentrations of sub-Eg defects. 
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Figure 3-13: Defect energy level for VCu, ZnCu and [VCu+ZnCu] compensated defect 

pair. Red dashes in gap represent isolated defect energy, while arrows to 

red and green bar represent the shift of defect energy level with complex 

formation: Figure modified from [42]. 

In addition to beneficial defect compensation and defect complex formation, Cu-

poor and Zn rich solar will reduce the likelihood for detrimental second phases while 

favoring the relatively benign or propitious ZnSe phase [89], [98].   

3.4.4 Effect of Se Composition 

As mentioned in Section 2.6.4.2 (Pg. 45), single crystals were created from 

ampoules of both low and high Se.  High Se was noted to suppress crystal growth but 

negative electronic effects were not seen.  The effects of low Se are briefly shown below. 

Ampoules were loaded with the desired Cu-poor and Zn-rich cation ratios with a 

reference ampoule at the nominal Se (Se/cation=1.0) while a second “low Se” ampoule 

was loaded 3% deficient in Se (Se/cation=0.97). Despite typical passivation procedures 

including polishing and etching, PL intensity, as seen in Figure 3-14, drops dramatically 

for crystals grown in the Se deficient ampoule.  The peak energy of the PL spectra could 

not be accurately obtained due to the low levels emission.  The reduction in intensity is 
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supported by theoretical predictions that Se vacancies will form a deep double acceptor 

state at ~0.35 eV from the valence band [42].  Despite the 3% Se reduction in loaded 

ampoule elemental ratio, the measured Se/cation ratio in the resulting crystals had only 

small changes as detected by XRF, likely within the instrumental error (~0.15 at %, 

error bars detailed in the appendix, Pg. 218). Reductions in Se concentration in 

concentrations much smaller than the detection limits could still lead to the observed PL 

decrease.  

 

Figure 3-14: Effect of low Se on PL intensity. PL image on right with four low Se 

crystals (top) and two reference crystals (bottom) 

3.4.5 Effect of Cu Composition 

Crystals of a variety of Cu-compositions were achieved over the course of this 

work and found to be the best predictive variable of final device performance.  Hall 

Effect, temperature-conductivity, and photoluminescence measurements are discussed. 

3.4.5.1 Hall Effect Measurements 

Individual crystals were contacted in Van der Pauw configuration for Hall 

measurements. Crystals were mounted on a glass substrate with a non-conductive 

adhesive and were contacted with silver paste attached to four gold wires, which were 
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routed to contact pads at the corners of the substrate. Crystals selected for hall were ~3 

x 2 x 1 mm or larger.  

Obtained electrical properties represent bulk values where transport is not 

impeded by grain boundaries. Mobility varied between 50-150 cm2/V-s depending on 

crystal and synthesis conditions, although trends with composition or fabrication 

variables are not yet clear (Figure 3-15). This is much higher than previous studies of 

CZTS and CZTSe, which have reported majority carrier mobilities of 10-50 cm2/V-s for 

single crystals [25], [26] and 0.1 – 10 cm2V-s for thin films [99], [100]. High mobilities 

can potentially help device performance by slightly decreasing series resistance 

therefore increasing fill factor, and by increasing diffusion length of generated carriers, 

which is proportional to the product of lifetime and mobility.  The effects of mobility 

on total series resistance however are likely small and the measured film mobilities are 

likely understated due to the cross-grain nature of the measurement as will be discussed 

in Section 4.8.1.1.  Increasing conductivity and improving carrier diffusion length have 

been highlighted as future opportunities to raise the efficiency of recent champion 

devices [14], [99]. 

All crystals exhibited p-type conduction based on hot probe Seebeck voltage 

measurements and carrier concentrations ranged from 5x1016 for the most Cu-poor 

crystals and 1019 cm-3 for near stoichiometric crystals, consistent with literature reports 

[101]. Resistivities decreased with increasing [Cu] reflecting the change in hole 

concentration, while carrier mobility had no apparent trend. Carrier densities and 

mobilities as a function of [Cu] is shown in Figure 3-15. CuZn antisite has been identified 

to be the majority defect over most stoichiometries of CZTSe, which would be 

consistent with the correlation between copper concentration and number of carriers 
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[42]. High efficiency thin film devices have tended to be more Cu-poor than the 

compositions achieved iin this work, and thus the lower range of carrier concentrations 

achieved (5x1016), are still higher than those of record devices [31], [102]. 

 

Figure 3-15: Effect of Cu on carrier concentration and mobility 

3.4.5.2 Majority Carrier Transport 

Temperature dependent conductivity measurements were performed on a range 

of with Cu/(Zn+Sn) from 0.90 to 0.99 encompassing both Cu poor and near 

stoichiometric samples to better understand defect structure and the nature of the high 

observed mobilities. A metal-insulator transition was seen as Cu concentration in 

CZTSe increased (Figure 3-16). Conductivities increased with increasing temperature 

for low Cu-samples, which can be attributed to increasing carriers contributing to 

conduction, while the opposite trend was seen for the near-stoichiometric sample.  In 

this case the decreasing conductivity is similar to a metal, where increasing temperature 
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decreases mobility due increasing phonon scattering. This transition occurs above a 

critical defect concentration and has been calculated in CZTS to occur at >8x1018 cm-3 

[103], which is very close to the measured hole concentration of 9x1018 cm-3 for the 

near-stoichiometric CZTSe sample. The conductivity data for the Cu-poor sample is 

found to be consistent with Mott variable-range hopping, which is also found in CZTS 

and other disordered semiconductors [103]. 

 

Figure 3-16: Conductivity as a function of temperature for Cu-poor CZTSe single 

crystal with Cu/(Zn+Sn) = 0.90, and near-stoichiometric with 

Cu/(Zn+Sn) = 0.99 CZTSe single crystal.  

3.4.5.3 Effects of Cu Composition on PL 

The electronic effects of Cu concentration were investigated on both crystals 

and thin films. Thin film measurements are presented in the following chapter.  

PL images of Cu-poor and near stoichiometric single crystals are shown in 

Figure 3-17. The composition of the Cu-poor crystal was measured by XRF as 
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Cu/(Zn+Sn)=0.85, Zn/Sn=1.2 and the stoichiometric crystal measured 

Cu/(Zn+Sn)=0.99, Zn/Sn=1.02. All samples were polished and etched 2 min with 0.25 

vol % Br-methanol.   

 

Figure 3-17: PL image and PL pseudo-spectra of Cu-poor and near stoichiometric 

single crystals. 

The stoichiometric crystals were found to have lower PL intensity by a factor of 

5 compared to the Cu-poor crystals.  In addition, a lower energy PL peak emission of 

0.91 eV was also noted for the stoichiometric sample while the Cu-poor sample had a 

PL peak ~0.96 eV.  This compares to a bandgap of ~0.98 eV, which extracted from the 

inflection point of QE on Cu-poor SY24e crystals from the same batch.  A bandgap 

from the stoichiometric sample could not be extracted due to shunted devices, however 

it is expected to be within +/- 0.01 eV from literature measurements. The distance 

between Eg-EPL suggests lower Cu-samples have shallower bulk defects. This concept 

will be discussed further in Chapter 4 for thin films.  
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3.4.6 Conclusions and Summary of Stoichiometry 

The effects of stoichiometry critically effect defects and large deviations from 

the stoichiometric point (>10%) can be achieved in the bulk as demonstrated by the 

compositions measured in this work. Theoretical predictions suggest the formation of 

compensated defect pair such as [VCu+ZnCu] make this possible without creating ~1022 

states inside the bandgap.   

The effect of Cu and Se were investigated on bulk single crystals. Small deficits 

in Se, lower than the detection limit of typical composition measurement, were found 

to extinguish the PL intensity of bulk crystals, suggesting high levels of recombiantion 

from predicted deep VSe defects. Only p-type conductivity was found regardless of 

stoichiometry and intra-grain hole mobilities were measured to be from 40-200 cm2/s, 

far in excess of thin films and with little correlation to composition.  Carrier 

concentrations in bulk crystals are anti-correlated with Cu concentration, consistent with 

CuZn as the dominant defect.  Cu concentration was also found to critically change the 

electronic transport, as well as the recombination and sub-Eg defects. At high Cu 

concentrations single crystals are shown to cross the metal-insulator transition. PL 

measurements demonstrate shallower defects and improved PL intensities for Cu-poor 

samples. These factors help explain the Cu-poor stoichiometry found for highly efficient 

devices.  The effects of Cu on thin film devices are further elaborated in Section 4.5.1. 
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3.5 Dopants and Substitutions 

Na doping has been found to be an essential component for high efficiency 

devices. Collaborators at IBM have shown improvements in all device parameters with 

higher Na doping [104].  Other report have demonstrated higher carrier concentration 

[105]–[107], improved grain growth [40], [108], [109], and empirically confirmed 

improved device efficiencies [105], [107]–[109].  Na has been shown to have higher 

concentrations at grain boundaries [110] and recent evidence suggests limited 

incorporation into the bulk of CZTSe [106], however both the extent of incorporation 

and the resulting effect on sub-Eg defect states has not been documented.14  

In this section, the extent of Na incorporation into the bulk of a CZTSe single 

crystal was measured by SIMS. Na was diffused into a single crystal and the resulting 

diffusion profile was measured to obtain solubility limits and diffusion coefficient of 

Na in bulk CZTSe.  

The effect of Na on sub-Eg states was further studied with collaborators at IBM 

and compared to single crystal photoluminescence measurements. This investigation is 

shown in Section 4.6.1 and was published [104]. 

                                                 

 

14 Due to the Cu-poor stoichiometry for efficient devices, Na may sit on the VCu 

site creating a neutral NaCu defect but this hypothesis has yet to be confirmed directly. 

To what extent it is possible to incorporate a larger Na (atomic radius 190 pm) into the 

smaller cation sites (145, 142, and 145 pm for Cu, Zn and Sn) is still not clear.  
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3.5.1 Na 

Growth of single crystals with Na was attempted but was only moderately 

successful.  Sodium selenite, Na2SeO3, precursors were first explored due to ease of 

handling, however due to the stability of metal oxides, non-oxygen containing 

precursors were preferred.  Later ampoules were grown with pure Na (0.05 and 0.2% 

Na atomic %), however Na was found to react and devitrify the quartz ampoule wall 

which increased risk of the ampoule breaking during heating or cool-down.  Limited Na 

runs were achieved, however grain sizes and compositions were not as desired.  Na post-

deposition may be a more promising method for future single crystal testing. 

3.5.1.1 Na Solubility and Diffusion in Bulk CZTSe 

Measuring the extent of Na doping in the bulk is difficult in thin films due to the 

presence of grain boundaries where high concentrations of Na are often noted [110], 

[111]. A single crystal was used to investigate Na solubility limits and diffusion in the 

bulk of the CZTSe.  The crystal of ~4x4 mm was polished to a mirror surface and etched 

with Br before being loaded into a chamber for NaF deposition.  100 nm of NaF was 

deposited on the surface of the crystal at room temperature, and without breaking 

vacuum, the crystal was heated to 420˚C for 6 hours. After deposition, the crystal was 

sent to Evans Analytical Lab for measurement of a composition depth profile over the 

top 25 microns by SIMS.  Before measurement, excess Na on the surface was rinsed 

with DI water.  

Na diffusion was modeled with Fickian diffusion with a complementary error 

function and the diffusivity at 420˚C was extracted. The equation and diffusion profile 

are shown in Figure 3-18.  Due to the thick NaF layer, the Na source can be considered 

an “infinite well” for the course of the measurement which is confirmed by a NaF layer 
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still present on the crystal surface at end of the annealing step.  The initial concentration 

of Na at the surface, 3.8x1017 /cm3, represents the solid solubility of Na in the CZTSe 

lattice at 420˚C which is equivalent to approximately 1ppm. The modeled diffusion 

appears to fit two regions with slightly faster diffusivity near the surface (Region 1: D1 

= 1.75 x 10-11 cm2/s), and a lower diffusivity after ~15 microns (Region 2: D2 = 1.5 x 

10-12 cm2/s). The plateau in concentration below 1016 /cm3 is due to the detection limits 

for the SIMS measurement.  

The fitting in multiple regions is seen in other systems and can occur when high 

concentrations of a dopant in the lattice affect the activation energy for other dopant 

atoms to diffuse [19].  A second potential explanation could be the near surface remains 

damaged with micro-cracks. The crystal surface was prepared with the typical 

thinning/polishing procedure with a final polish with a wet 0.03 micron alumina polish 

followed by a Br-etch. Remaining cracks could potentially provide a faster diffusion 

path in the near surface, while the deeper surface beyond 15 microns may be less 

disturbed from the mechanical polishing. It’s worth noting, Cu Zn, Sn and Se 

concentrations were unchanging after the 0.2 microns. Under both hypotheses, the lower 

diffusion coefficient of Region 2 is likely the undisturbed CZTSe bulk diffusivity 

although given the off-stoichiometric nature of the crystal, extended defect complexes 

may also contribute to diffusion. 

This is one of the first data points directly confirming incorporation of Na in the 

CZTSe bulk [106], and is the first measurement of bulk solubility limits and diffusion 

of Na in this system. It’s worth noting that measured diffusivities and solid solubility’s 

may depend strongly on composition.  The measured crystal was chosen to be Cu-poor 

(Cu/Zn+Sn =0.85, Zn/Sn = 1.2), in order to be relevant to efficient devices. Cu-poor 
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crystals may be expected to have higher Na solubility limits and higher diffusivities 

given the significant concentration of VCu. Further diffusion profiles as a function of 

temperature are being considered for to enable extraction of activation energy and 

diffusion coefficient for Na diffusion in bulk CZTSe. 

 

Figure 3-18: Diffusion profile of Na in CZTSe single crystal after 6 hours annealing at 

420˚C 
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3.6 Temperature Equilibria 

Note: This work was prepared for submission to Journal of Applied Physics and 

is with reviewers currently. It is printed here with only minimal modification. 

3.6.1 Abstract 

Recent literature reports have shown the ability to manipulate Cu-Zn cation 

ordering for Cu2ZnSnSe4 (CZTSe) via low temperature treatments. Theoretical 

arguments suggest one of the major roadblocks to higher VOC –significant band tailing— 

could be improved with increased cation order, however few direct measurements have 

been reported and significant device improvements have not yet been realized.  This 

report investigates electrical properties, defects, and devices from quenched and slow-

cooled single crystals of CZTSe. Disorder was characterized by Raman spectroscopy as 

well as x-ray diffraction (XRD), where the change in Cu-Zn order can be detected by a 

changing c/a ratio.   Quenched samples show higher acceptor concentrations, lower hole 

mobilities and a lower-energy photoluminescence (PL) peak than crystals cooled at 

slower rates, consistent with a reduction in bandgap. In addition, samples quenched at 

the highest temperatures showed lower PL yield consistent with higher quantities of 

deep defects. Devices fabricated from slow-cooled CZTSe single crystals showed 

improved efficiencies, most notably with increased VOC; however low temperature 

intensity-dependent photoluminescence measurements continue to indicate the 

existence of potential fluctuations. We discuss the possibility that potential fluctuations 

in slow-cooled samples may be related to the inability to achieve long range order of 

the Cu-Zn sub-lattice resulting in local regions of high and low levels of cation order, 

and consequent local variations in bandgap. The presence of significant potential 

fluctuations, even after single crystals are slow-cooled, suggests the difficulty of 
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eliminating band-tailing in this system, and thus additional approaches may be needed 

for significant reduction of the VOC deficit. 

 

3.6.2 Introduction  

Cu2ZnSn(S,Se)4 based materials have received considerable attention due to 

earth-abundant raw materials and attractive optoelectronic features for solar cells.  The 

current champion cell has achieved 12.6% efficiency, however this is a significant 

deficit compared to comparable-bandgap (Eg) CIGS devices, which can be explained 

mainly by a shortfall in VOC [7], [14]. The largest factors in this shortfall are believed to 

be deep defects and band tailing, since interface alignment is expected to be favorable 

in low Eg devices [43]. The presence of deep defects manifests in high recombination 

and short carrier lifetimes compared to CIGS [44]. Furthermore, significant band tailing 

from local potential fluctuations or Eg variations can be observed in CZTS-based 

materials from a shallow EQE curve near the band edge, as well as a PL peak which is 

typically found below the bandgap [45], [54]. 

The origins of the band tailing are predicted to arise from a high density of [CuZn 

+ ZnCu] defect pairs [45], which in the case of high temperature processing (T > 200˚C), 

leads to a fully random cation occupancy on the Cu-Zn sub-lattice in the CZTS/Se 

kesterite structure [37]. The prevalence of this Cu-Zn cation disorder is promoted by 

their similar atomic size which leads to low formation energies of both antisite defects 

coupled with further reductions in formation energy due to the creation of charge-

balanced defect pairs. At non-zero temperatures Cu-Zn cation disorder is promoted by 

entropic stability which outweighs the positive enthalpy of defect complex formation.  

Recent literature has found that Cu-Zn disorder can be reduced to a certain extent by 
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slow cooling from growth temperatures or post-growth low temperature annealing 

below the disorder-transition temperature (~200˚C for CZTSe and 260˚C for the sulfide) 

[112], [113]. The ability to reduce Cu-Zn disorder could theoretically be a promising 

avenue to mitigate one of the major roadblocks for CZTSSe performance: significant 

detrimental band tailing. 

Characterization of Cu-Zn disorder through common structural techniques, such 

as XRD, has been limited due to the similar scattering factors for Cu and Zn which 

makes changes in cation occupancy difficult to determine based on peak intensity alone. 

Raman spectroscopy has can discern qualitative changes linked to cation ordering but 

more quantitative measurements require more specialized tools such as neutron 

diffraction or NMR [37], [95], [114].   

It is important to note that even after slow-cooling or long low-temperature 

annealing, the Cu-Zn lattice still contains extremely high levels of Cu-Zn antisites. 

Available experimental evidence suggests antisite occurrence decreases from 50% to 

30% of Cu-2a lattice sites after the slow-cooling of poly-crystals. These reduced antisite 

densities are still extremely high, ~1.7 x 1021 /cm3 [37]. Therefore, the term “ordered” 

is inaccurate, and a transition from full disorder to “partial-disorder” is more accurate. 

Literature reports have demonstrated significant changes in bandgap related to 

Cu-Zn ordering. The CZTSe band gap has been reported to range from ~0.95 - 1.06eV 

for disordered and low-temperature annealed partial-disordered samples respectively 

[113], [115]. These variations in bandgap, as well as significant sub-Eg states, such as 

band tails, are critical to solar cell performance.  Low temperature photoluminescence 

(PL) is a powerful method of looking at these sub-Eg states. The importance and origin 

of band tails was discussed by Gokmen et al. who highlighted the extended low-
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temperature lifetimes in CZTSe films which may arise from electrostatic potential 

fluctuations. Recent experimental literature has suggested the Eg fluctuations may 

additionally be present in CZTSe due to the presence of high and low-order phases [47].  

The detrimental effects of Eg fluctuations on efficiency and VOC have been detailed 

elsewhere [116], [117] and may explain a portion of the VOC deficit in this system. The 

ability to reduce aforementioned potential fluctuations through slow-cooling, low-

temperature annealing or other techniques is therefore of particular importance. 

Grossberg et al. investigated low temperature PL as a function of function of cooling 

rate for CZTS monograins, [118], but limited reports exist for the effect of cation 

ordering on low-temperature PL in the case of the selenide.  In addition, changes to 

electrical and transport properties have hitherto not been reported.   

Despite the theoretical improvements that would be presumed for more 

“ordered” CZT(S,Se), few device results have been reported, and certain reports have 

shown a reduction in device efficiency when low-temperature ordering was attempted 

[119]. It is worth noting that the current champion devices are not fabricated in vacuum 

where cooling is expected to be slow, and do not use a low-temperature anneal to 

increase order [14].  The lack of device improvement with increasing ordering (so far) 

may be a consequence of a non-order-related phenomenon (surface oxides, back contact 

reactions, band alignment), or may be an intrinsic problem inherent to low-temperature 

bulk defect equilibria. More understanding is needed to determine if low-temperature 

treatments can be part of the solution to decreasing the VOC deficit. To better address 

this question we investigate the electronic properties and sub-Eg defects of quenched 

and slow-cooled single crystals.   
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Single crystals have the benefit of having defect properties that are closer to 

equilibrium in comparison to thin films due to their long isothermal growth and large 

ratio of bulk to surface and grain boundary area. Theoretical predictions predominantly 

assume that defects exist in their thermodynamic equilibrium state, making single 

crystals an ideal experimental reference for theory. Furthermore, the presence of grain 

boundaries and interfaces in thin films often give rise to local deviations in composition 

as well as local secondary phases which can be more easily avoided in single crystals.  

In this report, single crystals were fabricated in sealed ampoules and slow-

cooled to room temperature, or quenched after a partial slow-cool, thus providing 

snapshot of the defect population at semi-equilibrium for the quench temperature [96]. 

The quench temperatures included: high growth temperature (750˚C), film formation 

temperature (500˚C), and a temperature just above the disorder transition (300˚C). 

Structural changes are observed via Raman measurements, as has been previously seen 

in the literature, and we show that the disorder transition can also be observed via XRD 

analysis. Intra-grain electrical transport and carrier concentrations are extracted from 

individual quenched and slow-cooled crystals by Hall measurements and initial device 

results on individual single crystals are presented. Finally, the effects of quenching and 

slow cooling on sub-Eg states are demonstrated with low temperature PL and possible 

sources for observed potential fluctuations are discussed. 

3.6.3 Experimental Setup 

Crystals were fabricated via solid state synthesis of elements below the CZTSe 

melt as described elsewhere [104], [120]. High purity elements (5-6N) were loaded into 

quartz ampoules and sealed at a base pressure of 10-6
 Torr. Each ampoule was ramped 

to 750˚C over 24 hours and annealed for a total of 20 days in a temperature gradient of 
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25˚C/in. The boules were slow-cooled to room temperature at 3˚C/hr, or partially slow-

cooled (also at 3˚C/hr) to a temperature above the Cu-Zn disorder transition and then 

quenched into an ice water bath. Quench temperatures of 750˚C, 500˚C and 300˚C were 

used to provide a snapshot of defects at crystal growth, film growth and temperatures 

slightly above the disorder transition. The resulting polycrystalline boule was broken 

and crystals larger than 3 Χ 3 mm were selected for analysis. A regular, smooth surface 

was obtained via mechanical polishing down to a 0.03 micron alumina slurry.  After 

polishing, approximately 2 microns of the surface was etched away with a bromine-

methanol solution (5 minutes at 0.125 vol % Br) to mitigate surface damage from the 

prior steps.   

Composition measurements were performed via X-ray Florescence 

spectroscopy (XRF) calibrated by inductively coupled plasma mass spectroscopy (ICP).  

Raman spectra were taken with a 532-nm laser at low power settings to avoid sample 

heating in order to examine phase purity and crystalline order. Crystals analyzed via 

XRD were powdered in an agate crucible with 125-mesh per ASTM standards to 

investigate second phases and lattice changes. A digital Laue camera operated at 35 kV 

and 20 mA with a 1.5 mm beam diameter was used to obtain diffraction patterns 

confirming crystal orientation and monocrystalline nature. 

PL measurements were recorded at 5K using a Hamamatsu single photon 

counting system equipped with a 532 nm pulsed laser and liquid He cryostat for sample 

cooling.  Intensity dependent measurements were performed using a neutral density 

filter wheel to obtain a range of excitation densities from 1.5x10-3 J/cm2/pulse to 6.4x10-

5 J/cm2/pulse. A separate room-temperature PL image setup with 808 nm laser and 

InGaAs camera were used to obtain comparisons of total PL intensity. 
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Hall measurements were performed in the Van der Pauw configuration on 

individual single crystals to obtain intra-grain mobilities and carrier concentrations 

above and below the disorder transition.  Silver paste was used to attach gold wires to 

the corners of a 4x3x1mm crystal. A hot-probe measurement was used to obtain Seebeck 

coefficient and confirm conductivity type of each crystal. Devices were fabricated on 

individual single crystals using a traditional device structure although a metal top 

contact was avoided due to the small cell area. CdS was deposited by chemical bath 

deposition and ZnO/ITO layer was sputtered through a 3.14mm2 circular mask. The 

crystals were mounted on Mo-coated glass with Ag paste and probes were contacted 

directly to the ITO as the front contact.  Device area was confirmed via LBIC to be 

equal to ITO contact area.  

3.6.4 Results 

Raman and elemental composition measured across the surfaces of polished and 

etched crystals show no evidence of secondary phases.  Additional powder XRD of 

selected crystals similarly lacked evidence of secondary phases, although the similar 

lattice structure for Cu2SnSe3 and ZnSe means their coexistence at low concentrations 

cannot be fully ruled out by this method. Laue images of individual crystals show sharp 

diffraction spots with no evidence of extraneous reflections confirming the single 

crystalline nature of the samples [120].  

Sample compositions for quenched and slow-cooled crystals were slightly Cu-

poor and Zn rich although closer to stoichiometric compared to typical for state-of-the-

art devices and are listed in Table 3-2. Two sets of samples were fabricated and are 

compared separately due to slight variation of composition between sets.  Within a set, 

crystals were within, ~0.2 at% absolute, which is approximately within the margins of 



 102 

error of the measurement. Other crystals from each batch were found to have similar 

properties to the rest of the batch, despite small changes in XRF composition suggesting 

cooldown treatment, rather than composition, is the dominant factor in the variances 

discussed in more detail below. 

Table 3-2: Composition measurements of quenched and slow-cooled by XRF 

 

  
Cu / 

Zn+Sn 

Zn / 

Sn 

Cu / 

Sn 

Set 1 Quench 

(@750˚C) 0.94 1.11 1.98 

Slow-cool 0.96 1.07 1.98 

Set 2 Q500 0.97 1.07 2.00 

Q300 0.97 1.07 2.00 

Slow-cool-2 0.98 1.04 2.00 

 

The Raman spectra for quenched and slow-cooled samples can be seen in Figure 

3-19. Similar to literature results, a notable shift in the 196 cm-1main peak (m1A) can be 

seen in the quenched single crystal, as well as a broadening and decrease in the 168 cm-

1 mode (m2A). Although these peaks can be attributed to exclusively anion motion, 

changes in their behavior can be telling of Cu-Zn ordering [112], [121]. General 

broadening and shift to lower wave number observed in A-symmetry modes has been 

identified in literature to correspond with a reduction in phonon correlation lengths 

which occurs for disordered samples [112], [121].  
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Figure 3-19: Raman spectra of slow-cooled and fully quenched CZTSe crystals. 

As previously stated, the use of XRD as a metric for Cu-Zn ordering has been 

hindered by the similar scattering factors for Cu and Zn. In modeled kesterite XRD 

patterns, full-disorder on the Cu-Zn lattice (random occupation of the Zn lattice) 

changes normalized peak intensity by a maximum of only 0.01% relative to the highest 

(112) peak intensity.  This is further complicated by the difficulty of comparing peak 

intensities in oriented thin films.  Despite minimal differences in peak intensity and 

similar atomic radii, changes to lattice constants related to the Cu-Zn defect have been 

predicted by first principle calculations and detected by neutron diffraction. First 

principle calculations suggest an expansion of the c-axis will result from breaking of the 

octet rule which occurs when swapping  Cu and Zn [122].  This is further confirmed by 

Neutron diffraction data which has demonstrated a changing c/a ratio above and below 

the disorder transition temperature [37].  We confirm this change in lattice constant via 

XRD measurements as shown in (Figure 3-20). 
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Figure 3-20: XRD of powder from single crystals slow-cooled or quenched at 300˚C 

or 500˚C at the [400], [008) peaks. k-2 has been removed and smoothed 

with Savitzky-Golay filter for clarity. 

The c/a ratio can most easily be visualized at the [400], [008] peaks at 2θ of 

~65.5 degrees which shows clear splitting and allows complete separation of the c and 

a-axes. The expansion of the c-axis for samples quenched above the disorder 

temperature can be seen with the [008] peak at 65.89 for the slow cooled sample and 

65.80 for the sample quenched at 300˚C.  Samples quenched at 500˚C and above showed 

a slight additional expansion of both c and a possibly due to freezing of thermal 

expansion although the c/a is consistent with samples quenched at 300˚C. The lattice 

constants for c and a, calculated by full pattern Rietveld refinement, as well as by hand 

for just the [400] and [008] peaks, show consistent changes as found by neutron 

diffraction data for quenched and slow-cooled powders [37]. It is worth noting the 

overlapping k-2 peaks must be removed by the Rachinger correction to properly 
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visualize the separation of c and a-axis or must be accounted for in refinements. 

Standard error in all refinements was in the 4th decimal point, far less than observed 

differences between samples. 

  Intra-grain hole mobilities and carrier concentrations for individual single 

crystals, as measured by Hall Effect, can be seen in Table 2.  Seebeck coefficients were 

positive confirming strong p-type character for all samples.  Hole mobilities increased 

from 50 cm2/(V∙s) to 180 cm2/(V∙s) for slow-cooled crystals consistent with increasing 

crystalline order.  Carrier concentrations decreased from 1018/cm3 for quenched samples 

to 1016 /cm3
 for slow-cooled crystals.  The mobilities in the slow-cooled samples 

reported here are among the highest values reported for CZTSe, however literature 

reports for single crystals and intra-grain measurements, in general, have been shown to 

be 10-100x higher than thin film measurements [25]. 

Literature reports for carrier concentrations for thin film CZTSe of similar 

composition are closer to the range of the quenched crystals, however carrier 

concentration has not previously been investigated as a function of cation ordering [90], 

[123].  Increasing point defects, including vacancies such as VCu are expected at the 

higher temperature equilibrium for quenched samples, however CuZn is predicted to be 

the dominant defect for typical samples near stoichiometry (similar to crystal 

composition) due to significantly lower formation energies. Based on ΔHf of non-

interacting defects, a lower bound estimate of defect concentration at the highest quench 

temperature suggests ~1019 and 1020 VCu and CuZn defects per cm3
 are expected 

respectively. This is far in excess of measured hole concentration which confirms the 

system is highly compensated (see supplementary info).  
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Table 3-3: Hall measurements and device results on single crystals 

Sample # of Carriers (Na) Hole Mobility () VOC 

Quenched 3x1018 cm-3
 22 cm2/v-s 286 mV 

Slow-cooled 1016 cm-3 180 cm2/v-s 354 mV 

 

Table 3-3 shows the best VOC among 6 devices fabricated on quenched and slow-

cooled single crystals. Slow-cooled crystals demonstrated consistently higher VOC by 

over ~50mV. The improvements in VOC are likely due to changes in bandgap for more 

ordered samples as has been noted in the literature, as well as changes in recombination 

as evidenced by the PL results discussed below.  Additionally, increased collection is 

seen for samples with lower carrier concentration which is consistent with an extension 

of the space charge region further into the device.   

Changes in non-radiative deep states that may influence VOC can be inferred 

from changes in PL yield, which has been shown to correlate well with minority carrier 

lifetime [53].  Deep defects will reduce PL yield due to increased Shockley-Read-Hall 

recombination.  PL yields were measured at room temperature with a 

photoluminescence imaging tool.  PL yields were found to be highest for slow-cooled 

samples as seen in Figure 3-21.   PL yields decreased by 15% for samples quenched 

above the disorder temperature at 300˚C, and were reduced by 54% for samples 

quenched at 500˚C compared to slow-cooled samples.  The relatively small change in 

PL intensity above and below the disorder temperature suggests Cu-Zn ordering does 

not have drastic effects on recombination rates.  In addition, it is likely that other deep 

defect states promoted by higher energy and entropy are responsible for the larger 

reduction in PL intensity for samples quenched at 500˚C (relative to samples quenched 

at 300˚C), since both samples are quenched above the disorder temperature and are 

anticipated to have similar fully disordered Cu-Zn lattice [42]. For instance, the most 
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abundant deep defect predicted in this system is the [2CuZn + SnZn] complex, which is 

expected to increase by 10x for samples in equilibrium at 500˚C compared to samples 

equilibrated at 300˚C (detailed calculation shown in supplemental). 

 

Figure 3-21: PL intesity for samples quenched 500˚C, 300˚C and slow-cooled to room 

temperature. 

PL spectra taken at 5K show large differences in sub-Eg defect states as seen in 

Figure 3-22.  Three particular observations are worth noting. First, at high laser 

intensities, the PL peak for quenched samples occurs at much lower energy, 0.93 eV, 

compared to 1.04 eV for slow-cooled samples. Second, with increasing laser intensity, 

the PL peak position demonstrates a small blueshift for the quenched sample, but a much 

more severe blueshift for slow-cooled sample. Third, the spectra are highly asymmetric 

for the quenched sample, but are both more symmetric, and significantly broader for the 

slow-cooled sample. The first observation of a higher PL peak energy for the slow-

cooled sample matches literature reports of higher Eg correlating with  less disordered 

samples [113]. The other  observations – shifting peak position and a wider FWHM for 

slow-cooled samples– require more explanation, and at first glance might seem to 
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conflict with the assumed model of lower defects and lower disorder.   Each observation 

will be discussed in more detail in the discussion.  
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Figure 3-22: PL spectra at 5K for Set 1 of quenched and slow-cooled crystals. A) 

slow-cooled crystal, B) quenched crystal, C) normalized peak width and 

FWHM at full laser intensity, D) Position of peak as function of laser 

intensity for crystals 

3.6.5 Discussion  

The changes in PL are described in three sub-sections, 1) Position of PL peak, 

2) shifting of Pl spectra, and 3) Peak width and peak shape. 



 109 

3.6.5.1 Position of PL Peak 

From the literature, the Eg of the quenched sample is expected to be 

approximately 0.95 eV which is consistent with room temperature PL measurements for 

this sample. The description of the Eg is non-trivial in systems with high levels of defects 

and band tailing [54], but a reduction in Eg compared to the unperturbed system (1.0 

eV) has been predicted for higher densities of Cu-Zn defects.  While at low densities, 

Cu-Zn antisites are expected to create shallow localized states, however for a fully 

disordered Cu-Zn lattice with expected defect densities of 1022 cm-3, the individual states 

can act as a delocalized band and can be described as a reduction in Eg.  This is depicted 

in Figure 3-22. The extent of the Eg reduction have been predicted by first principle 

calculations to be between 24 meV and 300 meV depending on Cu-Zn cation 

arrangement as well as defect density [47]. The resulting 0.95 eV Eg fits expectation 

since cation arrangements with minimum reduction in Eg tend to have the lowest 

formation energy and therefore are expected to be most prevalent [47], [124]. For the 

quenched sample, the PL peak at 4K is at 0.93 eV with continued emission extending 

to 0.8 eV which suggests that both localized defect states inside of the gap and/or band 

tails give rise to the emission. It’s interesting to note the lowest energy emission from 

the quenched sample is approximately equal to the emission expected from isolated non-

interacting CuZn and ZnCu (depicted in Figure 3-22a). 

The PL transition energy of the slow-cooled sample is harder to interpret due to 

the strong dependence on intensity.  At maximum laser intensity, the room temperature 

PL peak is 1.06 eV which is very similar to Eg reported for low-temperature annealed 

samples (also 1.06 eV) [113]. At low temperatures the PL emission peaks at ~0.95 eV 

at the lowest laser intensities (similar to the disordered kesterite), and then rises 



 110 

smoothly and broadens with increasing laser intensity to 1.04 eV, slightly below the 

room-temperature PL peak.  

3.6.5.2 Shifting of PL Spectra 

The second observation, of shifting peak position with laser intensity is 

expressed by the parameter  (shown in Figure 3-22d).  For quenched samples, the PL 

peak energy blue-shifts slightly, 6 meV/decade of laser intensity.  The slow-cooled 

sample shows much larger peak shifts with laser intensity of 40 meV/decade.  In donor-

acceptor-pair (DAP) emission, increasing intensity leads to coulombic interaction 

between increasingly dense populations of charged carriers. This interaction blue-shifts 

the PL emission with increasing laser intensity, typically between 0-10 meV/decade.  

High levels of both donors and acceptors are expected in the quenched sample and the 

coulombic interaction of DAPs likely explains the blue-shift seen for the quenched 

sample.   

The more severe shift seen for the slow-cooled sample is more typical of samples 

with significant local potential fluctuations. The physical origin of the potential 

fluctuations can be caused by electrostatic variations from high levels of charged 

defects, or from local Eg-fluctuations which in this case could be caused by deviations 

in composition or deviations in Cu-Zn ordering [45].  The role of these two sources of 

potential fluctuations is discussed further below.  

3.6.5.3 Peak Width and Peak Shape 

Differences of the peak shape and width can be easily seen in Figure 3-22c.  The 

quenched sample has a highly asymmetric shape with a shallow low energy tail 

decaying more than 100 meV below the peak, and a sharp fall-off on the high energy 
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side of the peak. This asymmetric shape and low energy tail is typical of emission from 

band tails. The sharp fall-off on the high energy side is consistent with minimal thermal 

broadening of carrier energy expected at the low temperatures of the measurement.  This 

level of tailing could potentially be explained by the presence of alternative cation 

arrangements which would be expected to be present in limited quantities due to the 

quenching from high temperatures [47].  

The slow-cooled sample has a more symmetric shape which would be expected 

for a reduction in density of sub-Eg defects and band-tailing, however the FWHM of the 

PL spectra is more than twice that of the quenched sample.  The increasing width for 

the slow-cooled sample is again consistent with increasing local potential fluctuations.  

3.6.6 Electrostatic Potential Fluctuations vs Eg-fluctuations 

The observed increase in potential fluctuations for the slow-cooled sample 

appears counter to the original motivation: “increasing Cu-Zn order will reduce band 

tailing and increased efficiency”. Therefore, it’s important to understand how the 

potential fluctuations arise, and if there may be routes to controlling them.  In reality, 

both electrostatic potential fluctuations and Eg-fluctuations will be present to different 

degrees in highly disordered multinary systems such as chalcopyrites and kesterites 

[116].    

For electrostatic potential fluctuations, the high densities of charged defects 

cause perturbation of the bands. At low laser intensities, electron-hole pairs find local 

minimum and max in the conduction and valence band respectively resulting in a low 

energy PL emission peak.  As intensity increases, the local minimum in the valence and 

conduction bands become increasingly saturated resulting in higher energy emission.  

In addition, the potential fluctuations flatten under increasing excitation caused by 
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additional screening of defects from increasing density of photogenerated electron-hole 

pairs which further shifts the PL emission closer to the undistorted DAP or band edge. 

Literature reports of doped semiconductors show that high levels of defects and 

high levels of defect compensation are needed to promote potential fluctuations [125]. 

This compensation creates high levels of charged defects which cause the band 

perturbations. The extent of fluctuations is related to total number of charged defects, 

[Nt]
2/3.  On the other hand, high levels of free carriers provide screening for band edge 

perturbation, consequently decreasing the size of potential fluctuations with hole 

concentration, [p]1/3 for p-type samples [126].  The lower carrier concentration for the 

slow-cooled sample suggests higher levels of compensation and less charge screening 

from free carriers are anticipated despite the expected reduction in Cu-Zn defect density. 

There are a number of reasons however to believe that Eg-fluctuations may also, 

at least in part, explain the PL features noted in the slow-cooled sample.  Although 

electrostatic potential fluctuations will result from any distribution of charged defects, 

the model assumes a random distribution of charged defects which have equal 

electrostatic interactions with both valence and conduction band resulting in no change 

in Eg.  However theoretical results suggest the two basic assumptions are broken.  First, 

the Cu-Zn defect complexes are expected to affect the band edges unequally resulting 

in changes in Eg depending on Cu-Zn order, as has been predicted and shown 

experimentally [46], [47], [124]. Second, the defect complexes will not be distributed 

randomly, and instead are predicted to cluster due to the reduction in energy from 

aggregations of Cu-Zn.  If the defect complexes cluster, the energy cost of a 2nd [CuZn + 

ZnCu] can be ¼ of the cost of the first defect complex due to the reduced proportion of 

anions which must break the octet rule to accommodate the Cu-Zn anti-sites [46].  In 
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fact, recent literature has suggested CZTS unit cells will be at minimum energy cost 

with either full-order or full-disorder (1 defect complex / unit cell), while intermediate 

amounts of Cu-Zn defects (0.5 defect complexes/ unit cell) require the highest amount 

of energy [47]. This would suggest that when Cu-Zn anti-sites are reduced from fully 

random, material will prefer to create clusters of ordered and disordered areas. 

Experimental reports are beginning to find similar evidence of Cu-Zn clustering, and 

more severe composition clustering of regions of high and low Zn has also been 

observed [114], [127]. 

It is expected that by slow-cooling, we reduce but do not eliminate the Cu-Zn 

disorder. Similar slow-cooled powders were found to have 30% of Cu-Zn antisites on 

the Zn sub-lattice which still equates to 1.6x1021 defect complexes per cubic centimeter 

[37]. The slow-cool will encourage the formation of the lowest energy structures, which 

in the case of Cu-Zn will correspond to clusters of more ordered and disordered areas 

which will consequently lead to cluster of high and low Eg phases.  This scenario is 

depicted in Figure 3-23d. 

At low laser intensities, carriers localize and recombine from the low-Eg 

disordered phase, while at higher laser intensities the low-Eg phases will become 

increasingly saturated resulting in a broadening and blue-shifting of the PL peak. The 

length scale of the local bandgap fluctuations is not clear, but must be smaller than the 

minority carrier diffusion length or else the shift in PL peak would not be noted. Similar 

reports of shifting PL from Eg-fluctuations from clustering of ordered and disordered 

materials has been noted for GaInP [128]. 
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Figure 3-23: Depiction of defects and potential recombination for different cases of 

CZTSe. A) Isolated CuZn and ZnCu defects. B) Ideal [CuZn+ZnCu] 

complex. C) High density of random Cu-Zn (similar to quenched).  D) 

Regions of higher and lower Cu-Zn concentration (similar to slow-

cooled). Defect energies from [42] 

Notably, the quenched sample does not show significant signs of Eg-

fluctuations. Although such fluctuations may occur, they could be masked by more 

consistent localization into the deeper defects or a lower Eg phase (hence consistent 

emission at 0.93 eV) (Figure 3-23c). Less clustering may also be expected at high 

temperatures since the small attractive forces which cause defect clustering will be 

swamped by thermal energy and entropy. In addition, at high temperatures before 

quenching, a very high percentage of the sample will be in the disordered low-Eg state, 

which could result in a smaller distribution of bandgaps. Thus, when samples are 

quenched, despite higher levels of defects, a more random defect distribution can result 

in both deeper defects and less defect clustering.  
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The presence of electrostatic potential fluctuations in CZTS-based samples was 

most clearly demonstrated by Gokmen et al. [45]. Low temperature TRPL 

measurements of thin films show significant extension of lifetimes attributed to 

localization of carriers in energy wells from the potential fluctuations and a resulting 

requirement for tunneling in recombination. In Eg-fluctuations, tunneling is not 

necessarily required for emission and therefore less improvement in lifetime is 

expected. It is worth noting that both quenched and slow-cooled single crystals did not 

show significant extension in lifetime at low temperatures which suggests the potential 

fluctuations are less significant in these samples.  In reality, both Eg-fluctuations and 

potential fluctuations are likely present, however more detailed follow-up will be 

required to separate both phenomenon and more fully determine the interplay of low 

temperature treatments and potential fluctuations. 

Regardless of cause, observations consistent with additional potential 

fluctuations noted for the “more ordered” samples have also been observed but not 

explained in the literature.   Rey et al. observed a wider PL FWHM for room temperature 

PL of thin films annealed below the order transition [113]. Other reports on CZTS 

monograins showed the expected increase in PL peak position as cooling rate was 

slowed, followed by a notable decrease in PL peak position for the slowest cooling rates 

of 0.06K/hour [118]. Both observations support the idea that potential / Eg fluctuations 

may be encouraged by low-temperature equilibrium. 

This may also explain the lack of champion cells with “order” annealing.  The 

effects of slow-cooling are predicted to be either helpful or harmful depending on the 

modeled assumptions.  Decreased carrier concentration may increase SCR length 

leading to better current collection, or decrease quasi-Fermi level splitting which could 
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limit VOC. Similarly mobility can improve collection lengths but also increase 

recombination resulting in lower efficiency in certain models [44]. Slow-cooling 

increases the Eg and may reduce the number of sub-Eg states, but increases defect 

compensation and may also increase the extent of local Eg changes which could 

ultimately limit the potential for improvement with slow-cooled samples.  It may be 

desirable to reduce Cu-Zn defects while discouraging defect clustering, however 

kinetics may impose practical limitations.  Based on the neutron diffraction results of 

slow-cooled samples, an upper limit on Cu-Zn order likely contains multiple percent 

Cu-Zn anti-sites which would mean >1020 defect pairs which could still provide 

significant Eg variations. 

In the experiments above, slow-cooled single crystals offered better voltage and 

device performance than quenched crystals, however this only offers the outer bounds 

of what is to be expected for thin film devices.  Quenched samples were cooled from 

higher temperatures (750˚C) and cooled faster (>50˚C/sec) compared to traditional thin 

film samples (500-600˚C max and cooldown at 0.1-10˚C/sec depending on vacuum or 

ambient environment).  Most literature reports still don’t pay diligence to controlling or 

reporting cool-down times during fabrication, but it is likely that most thin films samples 

fall somewhere between the quenched and slow-cooled extremes demonstrated in this 

report. More work is needed to determine if there is an optimal post-annealing or slow-

cooling procedure which can allow for some of the benefits of slow-cooling without 

defect clustering which can lead to detrimental Eg fluctuations.  

3.6.7 Conclusion 

We have shown that in addition to Raman, XRD is useful for determining the 

presence of cation disorder in CZTSe. In addition we have shown that single crystals 
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subject to a slow-cool exhibit improved intra-grain mobilities and reduced carrier 

concentrations.   

Low temperature PL measurements show reduced peak energies for quenched 

samples and recombination likely dominated by DAP with a tail of states below the 

emission peak.  Although fewer Cu-Zn defects are expected for slow-cooled or low-T 

annealed samples, the PL behavior appears less ideal.  We observe a broad PL peak with 

large peak shifts with intensity suggesting significant potential fluctuations are present.  

The origin the fluctuations may include both Eg fluctuations and local electrostatic 

potential fluctuations due to a highly compensated sample with fewer free carriers to 

screen band edge perturbations. The inability to completely “order” the samples are 

predicted to lead to local clustering of more ordered (high Eg) and more disordered (low 

Eg) phases due to the reduction in energy by clustering of local Cu-Zn defects.  The 

resulting Eg-fluctuations may therefore be larger in samples where slow-cooling or low 

temperature annealing is used and may explain why “order” annealing has not yet led 

to improved champion devices. Additional research will be needed to determine if an 

intermediate level of annealing or cooling can provide some of the benefits of slow-

cooled samples without promoting detrimental defect clustering or if additional 

techniques may be required to reduce band-tailing. 
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3.7 Progress in Single Crystal CZTSe Devices 

Devices were fabricated on individual single crystals using a traditional device 

structure although a metal top contact was avoided due to the small cell area. CdS was 

deposited by chemical bath deposition and ZnO/ITO layer was sputtered through a 

3.14mm2 circular mask. The crystals were mounted on Mo-coated glass with Ag paste 

and probes were contacted directly to the ITO as the front contact.  Device area was 

confirmed via LBIC to be equal to ITO contact area although shading from the front 

probe accounted for ~10% area coverage.  

Dozens of devices were made over the last 2.5 years and the improvements in 

VOC and efficiency have come from new improvements in understanding and 

optimization of crystal growth, surface passivation, and stoichiometry. The most recent 

champion cells were enabled by improving the CdS interface through low temperature 

annealing of the completed device.  The history of progress in device efficiency and key 

enabling concepts are shown in Figure 3-24.   
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Figure 3-24: History of single crystal champion device efficiency and key concepts 

enabling improvements15 

After the initial device trial period, surface passivation via Br-etching was the 

first breakthrough. The extent and depth of the damaged surface layer was recognized 

and etching was optimized. Slight improvements came with slowing the cool-down to 

moderate cooling rates, and further improvements were noted as crystal growth 

achieved lower Cu-concentrations.  In the last year air annealing brought champion 

device efficiencies above 7%, and most recently, a mild device anneal further increased 

efficiencies to 7.8%.  

                                                 

 
15 This give little mention of the groundwork of more than 9 months of crystal growth 

and trial devices before an efficiency >1% and voltage >100mV was achieved. Special 

thanks to Brian McCandless whom without, we may still be stuck at <1%. He was the 

device making-wizard and performed much of the precise cell making labor. 
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The key parameters and JV curve for the champion device can be seen in Table 

3-4 and Figure 3-25. In the table, the improvements with recent process steps can also 

be seen with iterative tests on the same cell.  Cell re-processing was often used to re-

examine promising cells with new surface treatments.  This involved stripping off the 

CdS layer, redoing the Br-methanol etch (to remove the top 1+ micron), and re-

passivating with a new treatment before re-applying the CdS and ZnO layers.  This is 

noted in the table below. 

Table 3-4: Device parameters for champion cells and improvements from processing 
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Figure 3-25: JV curve for champion 7.8% single crystal device and photo of other 

device for area correction 

SY24E-D20 device was first tested in “Original” condition after 10’ of Br 

etching.  It was later reprocessed with a more optimized Br etch and air anneal which 

brought cell efficiency up to ~6.1%. Further mild annealing of the CdS junction in air 

at 100˚C improved efficiency to 7.4%, and finally re-annealing at 150˚C for an 

additional 4 minutes brought the efficiency to 7.8% as seen in Figure 3-25. 

A previous champion cell, SY24E-D4 listed at the bottom of the table, similarly 

showed an improvement in efficiency with mild device annealing, mainly through 

increased VOC.  The mechanism of the improvement likely arises from enhanced 

interface quality between device layers, the most critical of which is the CdS junction. 

A conduction band spike of ~0.4 eV has be measured at the junction to the CdS [43], 

which should reduce surface recombination by inducing band bending in the CZTSe 

layer to keep holes away from the junction [18]. A mild spike can be effective in 

reducing SRV regardless of interface defect density as shown in models for CIGS [129], 
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and CZTSe [44].  It’s worth noting, the damaged surface region of single crystals, and 

the passivation discussed in Section 3.3, potentially extend more than 1 micron into the 

crystal surface and therefore would not be significantly improved by interface band 

bending which is only expected in the top tens of nanometers. Other literature reports 

have recently confirmed VOC and efficiency improvements with mild device annealing 

and also cited improved CdS quality [130]. The most recent champion devices in this 

work, and the benefits of post device annealing were only noted in the last ~2 month of 

this work and therefore additional investigation to improve understanding and optimize 

the noted improvements is ongoing.  

The progression of EQE curves over the last two years can be seen in Figure 

3-26.  The improvements in both passivation and bulk lifetimes and diffusion lengths 

can be seen leading to our current champion device.  Surface recombination will 

generally shift the EQE curve down across all wavelengths since the electron minority 

carriers have to cross the interface for collection regardless of where they are generated.  

Improvements in the bulk can be more easily seen in the long wavelength fall-off of the 

EQE curve.  Defective bulk material, as seen in the earliest cells, show very low 

collection in longer wavelengths because carriers recombine before they can diffuse to 

the junction.   

A more detailed device analysis of the current champion cell is given in Section 

4.8: Single Crystal Champion Device Analysis and Comparison to Thin Films. 
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Figure 3-26: EQE curves for current champion single crystal and older devices. 

3.8 Summary of Control of Defects  

Passivation, stoichiometry, dopants, and temperature processing are all key 

aspects of controlling defects and achieving efficient devices. Single crystals can offer 

particular insight into each of these areas, and were investigated in order to explain the 

obstacles to efficient devices.  

As grown, CZTSe crystal surfaces were found to have Cu and Sn rich surfaces 

not suitable for proper solar cells. Mechanical polishing was used to create parallel 

facets of controlled thickness away from growth surfaces. Furthermore, chemical 

etching in a bromine-methanol solution was demonstrated to improve passivation 

through the removal of a damaged surface layer as well as providing an anion terminated 

surface with upward band bending further reducing surface recombination. Additional 

passivation steps such as air annealing were found to change properties of both the 

surface and bulk and were essential for the best achieved devices.  
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Bulk properties of crystals were measured and Cu concentration was found to 

be the dominant controlling variable for the range of studied properties. Hole 

concentrations in bulk crystals are negatively correlated with Cu concentration, 

consistent with CuZn as the dominant defect.  Cu concentration was also found to 

critically change the electronic transport, as well as the recombination and sub-Eg 

defects. Shallower defects and higher PL intensities suggest bulk defect properties are 

improved for Cu-poor samples.  

Alkali dopants such as Na are critical for high-efficiency thin films and have 

been shown to passivate grain boundaries but their role in the bulk of CZTSe is not yet 

clear.  Direct measurements of Na incorporation into a bulk single crystals are 

demonstrated for the first time suggesting a solid solubility on the order of ~1018 and 

high diffusivity at 420˚C.  

Thermodynamics principles can be used to predict the temperature dependence 

of point defect populations in equilibrium, and therefore temperature equilibria offers a 

unique way to control defect populations.  This was found to be particularly critical for 

CZTSe where Cu-Zn anti-site formation has been shown to be dependent on cool-down 

speed. Theoretical arguments suggest one of the major roadblocks to higher VOC –

significant band tailing— could be improved with increased cation order, however few 

direct measurements have been reported and significant device improvements have not 

yet been realized.  We report electrical properties, defects, and devices from quenched 

and slow-cooled single crystals of CZTSe. Disorder was characterized by Raman 

spectroscopy as well as x-ray diffraction (XRD), where the change in Cu-Zn order can 

be detected by a changing c/a ratio. Quenched samples show higher acceptor 

concentrations, lower hole mobilities and a lower-energy photoluminescence (PL) peak 
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than crystals cooled at slower rates, consistent with a reduction in bandgap. In addition, 

samples quenched at the highest temperatures showed lower PL yield consistent with 

higher quantities of deep defects. Devices fabricated from slow-cooled CZTSe single 

crystals showed improved efficiencies, most notably with increased VOC; however low 

temperature intensity-dependent photoluminescence measurements continue to indicate 

the existence of potential fluctuations. We discuss the possibility that potential 

fluctuations in slow-cooled samples may be related to the inability to achieve long range 

order of the Cu-Zn sub-lattice resulting in local regions of high and low levels of cation 

order, and consequent local variations in bandgap.  

Improved devices are demonstrated attributable to improvements in passivation, 

stoichiometry and temperature processing discussed throughout the chapter. A 7.8% 

single crystal device was achieved with VOC deficits competitive with current champion 

thin films.  

The differences between the single crystal and thin films, as well a comparison 

of champion crystal and champion thin film devices and future opportunities are 

discussed in the next chapter. 
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MODIFICATION OF DEFECTS IN THIN FILMS 

4.1 Abstract 

Passivation, Stoichiometry, Dopants and Substitutions and Temperature 

Equilibria are applied to thin films and comparisons to single crystals are discussed. 

This analysis focuses on device measurements and PL spectra including a significant 

reinterpretation of previous thin film PL results. Champion devices for thin films and 

single crystals are compared and opportunities for future improvements are highlighted.  

4.2 Overview 

This work has been performed as a collaboration with IBM, and other 

universities over the past 2 years.  The collaboration has given us access to both 

analytical equipment such as PL discussed in this work, as well as champion efficiency 

thin films which have been developed at IBM and optimized over the last ~ 8 years.  

IBM currently holds the world record for device efficiency for both the pure selenide 

CZTSe at 11.6%, and the mixed sulfur-selenide, CZT(SSe) at 12.6%.  The motivation 

of this work is to improve the ability to understand CZTSe and ultimately create more 

efficient polycrystalline thin film devices and therefore the comparison of single crystals 

and cutting-edge thin films is important.  

In addition to contrasting to single crystals, the analysis of thin films had a 

number of benefits including: faster fabrication (1-day vs 1-month), a wider range of 

Chapter 4  - PART II: Thin Films:   
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achieved compositions and Na dopings, and less time-consuming characterization for 

PL spectra due to ease of alignment which proved difficult for single crystals.   

This chapter is parallel to Chapter 3 with sections on Passivation (4.3), 

Stoichiometry (4.4), Dopants and Substitutions (4.5) and Temperature Equilibria (4.6) 

however the analysis will be focused on thin films made at IBM. Comparisons with 

single crystals are discussed throughout.   

Characterization will focus on device measurements as well as sub-Eg states via 

PL spectra, Section 4.5.2.1 details new interpretations of PL measurements due to 

detector saturation which revises the previous understanding as described in five 

previous publications. At the end of the chapter, in Section 4.8, the champion single 

crystal and thin film devices are compared, and the device analysis of the single crystal 

is utilized to explain the deficits and differences.  Finally, in Section 4.8.2, future 

opportunities for single crystals and film are compared based on the current champion 

devices.  

To begin, the fabrication method of IBM films is briefly summarized. 

4.3 Fabrication Overview for IBM Thin Films 

IBM has developed co-evaporation and a solution-growth method, each of 

which involve deposition at low temperatures followed by very similar rapid 

selenization.  In the solution method, hydrazine is used to dissolve constituent elements 

which are then spin-coated onto the substrate in layers before annealing. Details of the 

method are not examined in this work and are described in [14], [131]–[134]. For co-

evaporation, the film is deposited at 100˚C to avoid the challenging decomposition and 

volatile elements discussed in Chapter 5. The details of the methods can be found in ref. 

[31], [135], but both methods achieve a uniformly distributed Cu-Sn-Zn-Se mixed-
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phase precursor which are then annealed by a rapid thermal process at ~600˚C for a few 

minutes in the presence of excess S/Se. After selenization, an air anneal on a hotplate at 

375˚C is performed to improve passivation as described in ref. [69] before CdS 

deposition.  A traditional device stack is used SLG/Mo/CZTSe/CdS/ZnO/ITO/grid with 

optimized thickness to minimize reflection and absorption as described in ref. [136]. A 

MgF2 anti-reflective layer is used only in champion cells.  

4.4 Passivation: 

Thin films are likely to have a very different surface termination compared to 

single crystals due to vast differences in growth procedure, and therefore passivation 

procedures may not fully translate between single crystals and films.  Contrasting the 

same passivation procedures on state-of-the-art films which are able to achieve >10% 

efficiency provides insights into continued surface optimization.  

4.4.1 Effect of Br on Thin Films 

Bromine etching was found to be a critical part of passivation for single crystals 

however the results for films were mixed.  In hydrazine processed films, the PL intensity 

was found to increase with Br etching as depicted in Figure 4-1.  However for films 

created by co-evaporation, PL intensity was found to drop and plateaued between 1-2.5 

minutes of Br etching. At the tested etch concentration (0.1 vol %), films were likely to 

have etched less than 0.1 microns for the 15 second etch and ~ 1 micron for the 2.5 

minutes of etching.  



 129 

 

Figure 4-1: PL intensity of Br-etched films. In A) hydrazine fabricated films were AA 

first, and then etched for PL. The AA was then redone on the same 

samples. In B) samples were etched prior to AA and measured. Then 

samples were AA and re-measured with PL. 

SEM images of the film surface, Figure 4-2, show the grain boundaries become 

more pronounced from Br-etching, however pinholes are not observed and shunting was 

not found to be a problem for the duration of the etch. The original 2 micron film is 

expected to be etched to ~ 1.2 microns over the course of the 2 minute etch.  

 Devices were made for the hydrazine processed films which increased 

PL intensity, however modest declines were noted in most device parameters 

summarized in Table 4-1.  The origin of the decline, despite the increase in PL, requires 

additional explanation. Literature reports from CIGS suggest the Se rich layer left by 

the Br-etch can decrease device performance. This layer can be removed by a brief KCN 

etch or an annealing step, which has been shown to restore device performance [137].  
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 This insight may be particularly important to the single crystal devices 

since much longer etching durations are utilized (upwards of 8 minutes). This may leave 

a problematic Se layer as noted in the literature and may explain observed device 

improvements for single crystals after air annealing through evaporation of the Se layer.  

Additional testing with KCN is warranted.   

 

Figure 4-2: SEM images of Br-etched films (in-lens detector) 
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Table 4-1: Device results for Br etched films 

  Eff FF VOC JSC 

  % % mV mA/cm^2 

Control 9.2 65.5 453.9 31.1 

15 Sec  8.4 65.0 450.0 28.7 

60 Sec 7.7 61.5 427.7 29.1 

      

Control 2 8.7 65 447 29.9 

120 Sec 8.4 64 445 29.6 

 

4.4.2 Effect of CdS on Thin Films 

For CZTS films, PL intensities were found to generally decrease after CdS 

deposition (Figure 4-3). This is the opposite of what was generally found for single 

crystal samples discussed previously (Pg 76). It is believed that the air anneal process 

provides passivation of grain boundaries and therefore the effects of carrier separation 

dominate over any further changes in grain passivation. No change in PL peak energy 

was noted. 
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Figure 4-3: Effect of CdS on PL intensity. PL intensity of bare CZTS films after AA 

and the same films after CdS deposition. 

The difference in behavior exhibited by thin films may be explained by 

differences in carrier concentrations, which are 5-10 times lower than are found in single 

crystals.  This would result in a wider space charge region for films and therefore a 

higher percent of e-h pairs will be separated by the electric field in the space charge 

region, rather than recombining radiatively as discussed in 3.3.6. In addition, the 

improvement in PL through CdS passivation may be higher in single crystals if the un-

coated crystal surface contained significant dangling bonds or other factors which 

otherwise increase SRV.   
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4.5 Stoichiometry  

The effects of stoichiometry on sub-Eg defect states were also examined in thin 

films. Effects such as secondary phases are expected to have a larger impact due to their 

ability to form and segregate at grain boundaries.  This section will be parallel to Section 

3.4 on single crystals, and will focus on the effect of Cu on sub-Eg states in thin films. 

 One of the largest impacts of this work is a significant reinterpretation of PL 

measurements in the literature due to detector saturation which is discussed in 4.5.2.  

The new interpretation allows estimates of minority carrier lifetime. Finally, devices for 

Cu-poor and stoichiometric films are shown in Section 4.5.3. 

4.5.1 Effect of Cu on Thin Films 

Completed thin films devices (including CdS) of Cu-poor and near-

stoichiometric compositions, similar to the aforementioned single crystal samples, were 

also examined by PL.  The full compositions for Cu-poor and near stoichiometric 

samples are given in Table 4-4, Pg. 157. Similar to the single crystal results, the PL 

measurements for near stoichiometric samples had lower PL peak energy (0.87 eV), and 

lower PL intensity when measured with a 532 nm laser. The apparently brighter PL 

image for the Cu sample can be explained by the presence of the CdS junction. A more 

detailed description of the discrepancy in PL intensity is given in the appendix Pg. 234.  

As will be shown, Cu-poor samples appear to have longer minority carrier lifetimes. 

Interestingly PL uniformity also improves significantly in the near stoichiometric 

sample. This may be related to improved composition uniformity for stoichiometric 

samples or possibly fewer deviations in the CdS junction, but further investigation is 

necessary. The effects of aging may also play a role since the PL images were taken on 

samples that had been stored in a dry-box for multiple months. Despite the non-uniform 
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PL images, the Cu-poor devices achieved >9% efficiency while stoichiometric samples 

were shunted (device results discussed in Section 4.5.3, Pg. 142). 

 

Figure 4-4: Effect of Cu on PL image intensity and PL spectra 

Bandgaps and PL emission energy for both single crystals and films are 

compared in Table 4-2.  The bandgaps were extracted from the inflection point of the 

QE for the depicted thin film devices as well as for single crystal devices discussed in 

Chapter 3.  

Relative to the Eg, the PL emission was found to be shallower for Cu-poor 

samples, and was shallower still for Cu-poor single crystal samples. In well behaved 
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semiconductors, the PL emission peak at room temperature will be equal to the Eg, 

however a significant deficit from Eg are noted in CZTS-related films [138].  The 

increasing Eg-EPL for near-stoichiometric samples represents increasing quantity and/or 

depth of the dominant sub-Eg defect states.   

Table 4-2: PL peak position and Eg extracted from QE for Cu-poor and stoichiometric 

thin films and single crystals16  

 

Cu / 
(Zn+Sn) EPL @ RT 

(eV) 
Eg from QE 

(eV) 

Difference 
Eg-QE-EPL 

(eV) 

Sy24e - Cu-poor xtal 0.85 0.96 0.98 0.02 

SY24a - stoich xtal 0.99 0.91 NA NA 

119 - Cu-poor film 0.79 1.01 1.07 0.06 

120 - Stoich film 0.99 0.87 1.03 0.17 

 

The sub-Eg states and band tails can be best seen by low temperature PL since 

non-radiative recombination is reduced, and lacking thermal energy, photo-excited 

carriers relax to the lowest states before radiative emission. PL measurements taken at 

4K are shown in Figure 4-5. Initial measurements at high laser intensity were found to 

saturate the detector and therefore only unsaturated PL spectra are shown in the Figure 

4-5.  Five previous publications discuss and offer explanations for the nature of the PL 

shape at high laser intensities prior to the recent recognition that the PL detector 

saturation can explain the noted PL spectra [40], [104], [138]–[140]. The origin and new 

interpretations from fixing this artifact are discussed in Section 4.5.2.1. 

                                                 

 
16 QE from the stoichiometric single crystal was not obtained due to shunted devices. 

Similarly, stoichiometric films were shunted and had poor long wavelength collection 

adding to potential error in determining Eg. 
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Figure 4-5: PL emission at 4K for stoichiometric and Cu-poor samples (laser 

intensities = 0.64 - 11.1 w/cm2 for stoichiometric samples and 0.15 - 1.4 

w/cm2 for Cu-poor samples. Noise due to low signal accounts for the 

fluctuations noted at the lowest intensities. 

At low temperatures, the peak position for stoichiometric CZTSe samples is 

~0.85 eV and blue shifts ~13 meV / decade with increasing laser intensity. The low 

energy edge of the PL remains approximately unchanged, while the width of the PL 

emission increases slightly for high laser intensities. This is can be attributed to filling 

of local density of states for the sub-Eg defects.   

For Cu-poor samples, the PL peak position blue shifts strongly with intensity, 

~59 meV per decade, from 0.85 eV to 0.90 eV over the range of tested laser intensities. 

The Cu-poor sample had much higher PL intensity at a given laser power and therefore 
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only lower laser power settings, below 1.5 w/cm2, could be used before the PL detector 

was found to saturate.  The large blue-shift noted for the Cu-poor sample is likely 

explained by potential fluctuations.  As laser intensity increases, electrostatic 

fluctuations become increasingly screened due to higher numbers of photo-excited 

carriers.   These concepts are discussed in more detail in Section 3.6.4 

4.5.2 Minority Carrier Lifetimes 

An inadvertent discovery due to the realization of PL detector saturation was a 

new method of qualitatively obtaining lifetimes of semiconductors as a function of 

wavelength. From the PL curves taken with a saturated detector, the lifetimes can be 

estimated.  To explore carrier lifetime for Cu-poor and stoichiometric samples, a brief 

explanation for the detector saturation must be first provided. 

4.5.2.1 Nature of PL Detector Saturation 

The PL spectra tool uses a pulsed laser with 1 ns pulse width and 15 kHz 

repetition rate to provide both PL spectra data and TRPL at a chosen wavelength. The 

PL signal is passed through a monochromator and measured by a time correlated single 

photon counting system with InGaAs PMT detector cooled to -80˚C as described in 

Appendix, Pg. 222. Due to the pulsed nature of the laser, very high electron-hole pair 

densities can be generated during the duration of the laser pulse. At full intensity, each 

pulse generates 1.5x10-3 J/cm2 according to calibration measurements, which translates 

to ~4x1020 e-h pairs/cm3 under a calculated absorption depth of 100 nm [138].  In 

previous investigations of CZTSSe with this tool, the PL spectra shape seen in Figure 

4-6 was found. At low temperatures in high efficiency samples, a plateau is noted at 

high energies (often near and above the Eg). This region was shown to correlate with 
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low PL lifetimes as shown in the right-hand y-axis. The region that extends above the 

plateau height is found to have increasing lifetimes for lower wavelengths.  

 

Figure 4-6: PL spectra and lifetime in log scale as a function of wavelength showing 

correlation of lifetime with detector saturation. Modified from [138]. 
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Figure 4-7: PL spectra of AZTSe sample with fixed laser intensity but changing 

neutral density filters in front of the detector. 

The previous hypothesized explanation suggested the flat plateau at high energy 

was due to a physical phenomenon with the sample; saturation of radiative 

recombination occurring for higher energy e-h pairs near the Eg [40], [104], [138]–

[140].  Further testing with a series of neutral density filters in front of the detector, 

demonstrated the PL shaped changed and the plateau disappeared when intensity at the 

detector was reduced as shown in Figure 4-7. This was the case regardless of the laser 

fluence hitting the sample surface, and confirmed that detector saturation is the cause of 

the noted shape. While saturation explains the noted plateau, the peak above the 

“saturated” plateau (exceeding 400,000 in Figure 4-7), requires further explanation. 

For samples with high PL yield (high quality samples, high laser intensities, low 

temperatures), the PL detector saturates with each ns pulse as depicted in Figure 4-8.  If 

a sample has PL emission only during the 1 ns laser pulse, the limit of ~ 150,000 
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counts/second is reached.17 This would be the case for regions of low lifetime (less than 

1 ns).  If samples continue emitting after the 1 ns laser pulse duration, which is true for 

samples with long lifetime, then the detector can reach above the 150,000 count 

saturation since the detector can continue to count photons over longer periods of time.  

From this knowledge, the PL spectra above the saturation plateau can be translated to 

estimations of lifetime. A more exact prediction of the lifetime from the measured PL 

intensity would require more detailed modeling accounting for detector refresh rate. 

 

Figure 4-8: Schematic showing effects of detector saturation for low-lifetime and high 

lifetime areas. Laser pulse width is 1ns and laser repetition rate is 15khz 

therefore 66 µs between pulses. 

This qualitative method for lifetime assessment is limited to high quality 

samples, and/or low temperatures where PL saturation occurs and lifetimes are >1 ns, 

                                                 

 
17 The laser frequency is 15 khz and therefore it can be calculated: 150,000 counts/sec 

/15,000 pulses = 10 counts / ns pulse.  
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although in theory, with modification of detector settings, this concept could provide a 

helpful concept for screening lifetime.  

4.5.2.2 Lifetime of Cu-poor and Stoichiometric Samples 

The PL spectra for stoichiometric and Cu-poor thin films measured at 4K is 

shown in Figure 4-9 for all laser intensities. A dotted line at 150,000 counts/second 

depicts where PL saturation begins to effect the spectra.  From the interpretation 

discussed above, the PL signal above this line is related lifetimes in excess of 1 ns.   This 

suggests that stoichiometric samples, despite the low measurement temperatures, have 

very short lifetimes. The Cu-poor sample shows similarly short lifetimes at high 

energies above ~0.97 eV where the PL spectra is plateaued at the saturated limit, but 

lifetimes increase significantly for shorter wavelengths.  Similar samples show lifetimes 

increasing to 100-1000 ns at 4K for PL energies below the peak seen at ~0.89 eV.  

 

Figure 4-9: PL at 4K for Cu-poor and stoichiometric films for high laser intensities 

with effects from detector saturation. 
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This change in lifetime with energy has two likely contributions.  Carriers in 

high energy states are expected to relax to lower energy states in time scales much faster 

than PL emission [52], Ch. 6. This leads to the low observed lifetimes at high energies.  

The origin of any PL emission at high energies, in some cases above the Eg, is likely 

explained by the high e-h pair densities achieved at full laser power (~1020 /cm3) which 

saturates the lower potential fluctuations and lower energy band states [139]. 

Extended lifetimes are expected at low temperatures due to reduced rates of SRH 

recombination [51], however an additional contribution can occur for samples with 

significant carrier localization.  At low temperatures, carriers can become trapped in 

local potential minima, which reduces the likelihood of diffusing to a defect where SRH 

recombination is possible.  In addition, in samples with high levels of charged defects, 

electrostatic potential fluctuations, can result in local potential minima and maxima 

occurring in neighboring regions, thus requiring tunneling for radiative recombination. 

This requirement for tunneling can similarly increase PL lifetimes at low temperatures 

and has been reported for CZTSSe [45]. 

4.5.3 Devices 

The best device made from the aforementioned Cu-poor and stoichiometric 

films are shown in Figure 4-10. Efficiencies from 9 - 9.5% were achieved for Cu-poor 

films, while all stoichiometric samples were found to be significantly shunted.  The 

origin of the shunting may be Cu and Sn-rich secondary phases, however the results of 

bulk measurements on thin films and single crystals in Chapter 3 demonstrate that 

stoichiometric samples have additional detrimental factors in the bulk which are likely 

to lead to poor devices results – even in the absence of secondary phases.   
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Figure 4-10: Devices from Cu-poor and stoichiometric films 

4.5.4 Summary of Stoichiometry 

The poor performance of stoichiometric samples has been frequently ascribed to 

shunting caused by Cu-rich secondary phases [90], [141]–[143]. Theoertical 

calculations have further sugested Cu-poor samples have bulk defects more suitable for 

solar cells however significant experimental confirmation is lacking. This work supports 

the theoretical calculations by showing a number of detrimental bulk changes for films 

and crystals with near the stoichiometric composition. These factors include carrier 

concentration, sub-Eg defects, and minority carrier lifetimes. 

Cu-poor CZTSe has lower carrier concentration, explained by reduced CuZn 

acceptors, which extends the depletion region further into the absorber layer.  This can 

improve current collection, particularly for defective material with poor lifetime. This 

effect has been notable for CZTS-based materials, which typically have effective 

electron lifetimes of 1-10 ns and diffusion lengths of less than 1 micron even in highly 

efficient devices [14], [44]. Low carrier concentration can however also limit open 

circuit voltage. The maximum theoretical open circuit voltage is controlled by the 

difference in quasi fermi-levels in the PN junction. High carrier concentrations move 

the fermi-level closer to the band edges, therefore enabling higher VOC. Modeling work 
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has detailed the potential efficiency improvements with increasing carrier density as 

well as maintaining or improving lifetimes [44] 

Cu-poor samples also show shallower sub-Eg defect states as measured by PL  

This can explained by the promotion of VCu-related defects and complexes, which are 

predicted to be shallower than CuZn-related defects.  Related charge balanced defect 

complexes are expected to exist in larger concentrations than isolated defects due to 

lower formation energies and while [CuZn+ZnCu] is predicted to have shallow states 

inside the Eg, [VCu+ZnCu], which would be favored for Cu-poor Zn-rich solar cells, does 

not [42], [46].  

Finally, higher PL intensities and higher minority carrier lifetimes are observed 

in Cu-poor single crystals and thin films. The expected lack of secondary phases or grain 

boundaries in the single crystals suggests that bulk defects contribute to the low 

lifetimes. In fact, theoretical predictions suggest that the defect pairs [2CuZn+SnZn] and 

[CuZn+SnZn]
+ are the most likely bulk defects to affect minority carrier lifetime [28], 

[42].  Both defects are predicted to exist in high concentrations and will be minimized 

for Cu-poor and Zn-rich stoichiometry which accounts for the observations in this 

chapter. 
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4.6 Dopants and Substitutions in Thin Films 

As previously discussed in Section 3.5.1, Na is critical to high efficiency thin 

film performance.  Literature shows high concentrations in grain boundaries [110], 

[111]and from the single crystal SIMS results in work, bulk incorporation on the order 

of of 1018 /cm3 can also be expected.  With collaborators at IBM, the impact of Na on 

sub-Eg states was studied and is discussed in Section 4.6.1.  Low-temperature PL was 

performed on thin films with different Na-doping concentrations and compared to a Na-

free single crystal. Na is shown to reduce deeper sub-Eg radiative recombination while 

also increasing total PL intensity. 

In Section 4.6.2, the substitution of Ag for Cu is discussed. Under the hypothesis 

that band-tailing is directly related to the ease of Cu-Zn antisite formation, one method 

of ameliorating band tailing would be to replace Cu with an element that is not predicted 

to swap with Zn.  Na is one such element, although as discussed, due to the atomic size, 

only substitution of ppm level appear possible.  Ag is a second potential substitution for 

Cu and related (Ag-Cu)(In-Ga)Se2 compounds have proven to be successful solar 

absorber candidates and have recently achieve 19.9% [144]. If Cu-Zn antisite formation 

is indeed the cause of band tailing, Ag2ZnSnSe4 has the potential to significantly reduce 

this problem.18   

                                                 

 
18 Substitution of Ag clearly goes against the “abundant materials” motivation for 

CZTSe. Despite this, two points are worth noting: 1) Ag in Ag-alloyed thin films is 

not expected to make up a large portion of device costs at recent prices, 2) We can 

learn about CZTSe and band tailing related to Cu-Zn through the analogous system 

without Cu-Zn such as Ag2ZnSnSe4. 



 146 

In Section 4.6.2, thin films from the (Ag-Cu)ZnSnSe4 alloy series are made and 

the extent of band tailing is measured as a function of Ag substitution by comparisons 

of Eg and room temperature PL peak energy.   

 

4.6.1 Effect of Na on Sub-Eg States 

CZTSe thin films were fabricated by IBM’s baseline process of co-evaporation 

[31]. CZTSe was deposited on Mo-coated CZTSe with a diffusion barrier. Prior to 

deposition, either 8, 15 or 30 nm of NaF was deposited on to the Mo/SLG substrate.     

Cu, Zn, Sn and Se were deposited at 150˚C and then underwent a rapid selenization at 

~600˚C. Films were then air annealed as previously discussed (Section 3.3.4, pg 70) and 

bare films were examined by PL at 4K Figure 4-11. A single crystal (SY25A x1) was 

prepared below the melt and quenched at growth temperatures. The 4x4 mm crystal was 

polished and Br-etched prior to measurement.  

Intensity dependent measurements are shown in Figure 4-11, with laser fluence 

from 0.29 - 44 w/cm2 as listed in the legend. At the time of measurement, the artifacts 

stemming from detector saturation were not understood, and therefore the PL spectra 

taken above 3 w/cm2 laser fluence is distorted.  For the discussion, the focus will be on 

lower laser energies below 3 w/cm2. PL intensities of the crystal were found to be 

significantly lower than thin films using the tested 532 nm laser and therefore detector 

saturation did not occur on that sample.  The abrupt drop at 0.75 eV is due to the low 

energy cut-off of the detector and therefore is not representative of the samples. 

A peak at ~0.86 and ~0.92 eV are found in all samples.  For the low Na sample, 

the peak 0.86 eV peak is dominant throughout all ranges of laser intensities, and the 

0.92 eV peak becomes notable only at high laser intensities (>3 w/cm2).  As Na increases 
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to 15 and 30 nm of NaF thickness, three changes can be noted.  First, the 0.92 eV peak 

becomes increasingly observable at lower laser fluences.  This suggests more emission 

is occurring from shallower defect states. Second, the falloff of the PL spectra on the 

low energy side, from 0.86 – 0.80 eV, is steeper with increasing Na.  The low energy 

tail of the PL spectra at low temperatures is a function of the density of states below the 

band-gap and therefore this steeper low energy tail suggests a shallower and/or less 

dense sub-Eg states. This is confirmed by admittance measurement in the literature 

[107]. Third, at all laser fluences, PL intensities are notably higher for high Na samples. 

This suggests a reduction in non-radiative recombination is occurring as Na increases. 

Increased minority carrier lifetime [145], as well as passivation of the surface and grain 

boundaries by Na has been previously reported in the literature in both CZTSe and CIGS 

[40], [146].   
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Figure 4-11: 4K intensity-dependent PL spectra of  CZTSe with different amounts of 

Na. (a) CZTSe film with 8 nm NaF, (b) 15nm NaF, and (c) 30nm NaF, 

(d) Single-crystal CZTSe sample grown without sodium (Modified from 

[104]) 

Interestingly, the quenched single crystal with no Na appears to have PL 

emission which could be explained by the same two states at 0.86 and ~0.92 eV.  This 

suggests that the two peaks are in fact related to intrinsic point defects in CZTSe (Cu, 

Sn, Zn or Se-related defects) which are modified by the presence of Na, rather than 

being new states contributed by Na-related point defects. This supports DFT 
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calculations which suggest Na-related defects are not predicted to have any states inside 

the bandgap [147], [148].  

4.6.2 Ag Substitution 

Note: The measurements reported here were part of a manuscript submitted to 

Advanced Energy Materials in December 2015. 

A series of (Ag1-xCux)ZnSnSe4 thin films were created by collaborators from 

100% Cu, to 100% Ag. Films were created by co-evaporation as previously described 

but were selenized at different temperatures due to the reduced melting point as Ag is 

increased in the alloy. Fabrication details are provided in Ref. [149]. 

After fabrication the crystal structure was examined by XRD and full-pattern 

Rietveld refinement was performed to obtain lattice parameters as a function of Ag 

incorporation. An initial atomic model for the Rietveld refinement was generated for 

each sample by extrapolating from lattice parameters from references on the pure-Ag 

[150] and pure Cu [36] according to Vegard’s law. The kesterite crystal structure has 

been reported for both compounds and was used in the modeling. The differences with 

the similar stannite crystal structure are modeled in detail in the Appendix, Pg. 235.  

4.6.2.1 XRD of (Ag-Cu)2ZnSnSe4 Alloy 

The shift in the (112) peak and the derived lattice parameters can be seen in 

Figure 4-12. As the larger Ag atom is incorporated in to the lattice, the a-axis increases 

while the c-axis slightly decreases, increasing the tetragonal distortion of the lattice, in 

agreement with literature values, however we observe a slightly higher bowing for the 



 150 

a-lattice parameter.19 The refinements for pure Ag and pure Cu matched the reference 

lattice parameters within +/- 2% [36], [150].  

 

Figure 4-12: Shift in (112) XRD peak of ACZTSe samples (Ag/(Ag+Cu) ratio 

indicated above each curve) and (b) a and c lattice constants of ACZTSe 

samples as a function of Ag/(Ag+Cu) ratio 

4.6.2.2 Modeled XRD of Ag-Zn Anti-site 

One of the challenging aspects of Cu-Zn disorder in CZTSe is the difficulty 

characterizing it quantitatively with techniques such as XRD due to the similar 

scattering factors for Cu and Zn.  The motivation for Ag2ZnSnSe4 derives from the 

hypothesized reduction in band tailing from reduced Ag-Zn anti-sites, however direct 

evidence for the presence or absence of Ag-Zn anti-sites is needed.  In this work, the 

theoretical XRD profiles of Ag2ZnSnSe4 were simulated and it is shown that unlike 

                                                 

 
19 The bowing was particularly acute for the 53% Ag sample where excess MoSe2 was 

also noted.  It’s not clear if stress related to the substrate may explain the larger extent 

of bowing. 
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CZTSe, Ag-Zn anti-sites can be measured by XRD. In the next section a reduction in 

band-tailing is demonstrated with increasing Ag. 

Atomic models were generated based on the AZTSe reference lattice data by 

Gong [150] with the kesterite structure.  The occupancy of Ag and Zn were altered on 

the 2c and 2d lattice sites from 100% Ag on 2c and 100% Zn on 2d (full ordered 

kesterite), to 50% Ag+50% Zn on both 2c and 2d (fully discorded kesterite). Three 

scenarios with intermediate amounts of disorder were also modeled (12.5, 25, and 

37.5% Ag-Zn antisite pairs), and for all cases the total occupancy on each site (for 

Cu+Zn) added to one. Additional details including depiction of the physical model of 

the kesterite 2c and 2d atomic positions can be seen in the Appendix Pg. 235.  

A related but distinct modification of cation order is the stannite crystal 

structure.  In CZTSe, kesterite and stannite are extremely challenging to differentiate by 

XRD. An examination of the differences between kesterite and stannite in AZTSe is 

shown in the Appendix Pg. 235. 
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Figure 4-13: Simulated XRD profiles for kesterite AZTSe as a function of Ag-Zn 

cation disorder. Full order= 100% Ag on 2c, and 100% Zn on 2d-site. 

Full disorder = 50/50% Ag/Zn on 2c and 2d sites. Range of modeled Ag-

Zn disorder: 0% (ordered), 12.5, 25, 37.5 and 50% (full disorder).  

As seen in Figure 4-13, unlike CZTSe, Ag-Zn anti-sites can be seen by detailed 

XRD measurements however the modeled changes in intensity are quite small. The 

largest changes can be seen at low angle in the regions highlighted in Figure 4-13 from 

the (101), (103), and (121) peaks. Three key areas of differentiation are: 
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1) The 103 peak almost disappears from 1.2% absolute intensity for 

ordered, to ~0.2% absolute intensity for fully disordered –relative 

to nearby [200] peak which is fixed. 

2) The 121 peak decreases from ~2.1% to ~0.9% absolute for the 

ordered and disordered case respectively while neighboring 202 

peak is fixed. 

3) The 101 peak reduces significantly with mild amounts of disorder 

from 0.6% to less than .06% between 25-37.5% antisites 

occupancy, and then increases to 0.25% for full disorder (50% 

antisites occupancy) which can be compared to neighboring 002 

peak. 

Large Ag-Zn order differences may be distinguishable through a qualitative 

description and the above points, however a more accurate assessment will require 

Rietveld refinement using the created references for initial refinement models.    

4.6.2.3 PL of (Ag-Cu)2ZnSnSe4 Alloy  

PL and absorption data are depicted for the aforementioned (Ag1-xCux)ZnSnSe4 

films in Figure 4-14. The Eg derived from the absorption curve can be seen to shift from 

~1 eV up to 1.33 eV as Ag is incorporated to the lattice.  The room temperature PL peak 

position is shown below the absorption data, and similarly, the PL peak position 

increases with Ag. Additionally, the gap Eg-EPL which is a metric of the extent of band 

tailing [54], shrinks from ~110 meV for the 100% Cu CZTSe sample, to ~0 meV for the 

pure Ag sample.  In fact, Ag2ZnSnSe4 exhibits a PL peak 4 meV above the measured 

Eg, similar to the expectation of band-band emission energy, Eg + KT/2, for a 

semiconductor without band tailing [52]. The reduction in Eg-EPL for Ag substituted 



 154 

films supports the hypothesis that Cu-Zn related anti-sites are related to the detrimental 

band tails in CZTSe and substitution of Ag for Cu may be a way to mitigate this 

problem. 

 

 

Figure 4-14: (a) Room temperature PL and band gap from absorption measurements 

for AZTSe, CZSe and Ag-Cu alloy. (b) The difference between bandgap 

and PL peak position. Submitted to [149] 

Devices from collaborators demonstrated improved efficiencies, up to 10.2%, 

PCE with 10%-substitution of Ag in CZTSe. The boost in efficiency derived from a 

boost in VOC and was attributed to the aforementioned reduction in Eg-EPL.  After an 

anti-reflective coating is added, the 10.2% device is expected to be close to the current 

world record CZTSe device of 11.6% [149]. 
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4.7 Temperature Equilibria Applied to Thin Films 

This investigation was started at IBM prior to my arrival, however after initial 

measurements were taken, it was not pursued further by IBM.  Based on encouraging 

results from single crystals, I expressed interest in following up. I obtained the films 

(after annealing) and raw data for low-temperature PL (performed by Wei Wang at 

IBM). The interpretation, electrical and device measurements, as well as room 

temperature PL measurements are my own. A small subset of this work was published 

[151], although significant additional data and interpretation has been added. 

4.7.1 Overview 

To investigate application of the disorder-transition to thin films, samples were 

annealed low-temperature annealing for extended times above and below the expected 

transition.  Long low-temperature annealing below the disorder-transition temperature 

should have similar effects to slow-cooling (although more limited by kinetics) and is a 

more feasible method for thin-films.   

Both device-oriented Cu-poor, as well as near stoichiometric samples were 

fabricated and subject to annealing for 24 hrs at either 150, 200, or 250˚C in a glove 

box.  These anneals are expected to be below, at, and above the disorder transition 

respectively. A control set of samples was not annealed. One sample from each 

annealing condition was made into a device while a second sample was left bare for 

low-temperature PL measurements.  
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Table 4-3: Sample matrix for low temperature annealed thin films 

Sample 
composition 

Anneal 
time 

Anneal 
Temp Sample ID 

Cu-poor 

As-made None None 

1 day 

150˚C 150d 

200˚C 200d 

250˚C 250d 

Near-
stoichiometric 

As-made None None 

1 day 

150˚C 150d 

200˚C 200d 

250˚C 250d 

 

The sample annealed at 150˚C (below the disorder transition) is expected to 

exhibit increased cation order and changes in defect properties as discussed in Section 

3.6, Pg. 95.  The 200 and 250˚C anneals are expected to show fewer changes since the 

samples as-made are likely to already contain a fully disordered Cu-Zn lattice.    

4.7.2 Fabrication Methods 

Films were fabricated by IBM’s baseline hydrazine process as described in the 

literature [14], [131]. After selenization, films were air annealed at ~300˚C for 10 

minutes and then cooled quickly. After air anneal, all films were transferred to a N2 

glovebox for low-temperature annealing. The glovebox was controlled at less than 0.1 

ppm oxygen, however, oxygen is expected to be adsorbed on the films surface from air 

anneal and general exposure. After low-temperature annealing, the samples were 

removed from the glovebox and prepared with the traditional device stack. The 

compositions for the devices can be seen in Table 4-4. The samples contain low amounts 

of sulfur which slightly raises the Eg. Sulfur incorporation is an unavoidable byproduct 

from IBM hydrazine solution processed fabrication method and the films are similar in 

composition to the record 12.6% CZTSSe device [14]. 
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Table 4-4: Composition of low-temperature annealed films 

  
Cu / 

(Zn+Sn) Zn / Sn Cu / Sn 
Se+S / 

(Cu+Zn+Sn) 
S / 

(Se+S) 

Cu-poor 0.79 1.20 1.74 1.04 0.13 

Near-
Stoich 

0.98 1.11 2.06 0.99 0.15 

 

4.7.3 Photoluminescence 

Low temperature PL spectra taken at 4K are shown in Figure 4-15. For both 

stoichiometric and Cu-poor samples, the 150˚C low-temperature anneal was found to 

increase the PL peak energy, similar to the slow-cool. For the stoichiometric samples, 

annealing at 200 or 250˚C showed minimal shift in PL peak position. The original 

sample, labeled “None,” was expected to be in a fully disordered state due a fast cool-

down after air-annealing at 300˚C, and therefore significant changes related to Cu-Zn 

ordering would not be expected for the higher temperature anneals.   

For the Cu-poor samples, the low energy edge of the PL spectra shifted with 

annealing with the peak at 0.90, 0.925 and 0.94 eV for the 250, 200 and 150˚C annealed 

samples respectively.  

Interestingly, the deepest tail states exist for the 150˚C samples, despite the 

expectation of increased cation order. The energy of the tail state for the 150˚C sample 

is similar to the peak energy of the peak for the disordered samples and may be due to 

small regions of disorder in the ordered samples as discussed for slow-cooled single 

crystals. 
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Figure 4-15: PL at 4K for films annealed at low temperatures. A) Near-stoichiometric 

films. B) Cu-poor films. Dotted line is Eg extracted from QE 

Room temperature PL and QE spectra were also taken for Cu-poor samples.  The 

Eg extracted from the inflection point of the QE, the PL peak at room temperature, and 

the PL peak at 4K are compared in Figure 4-16.  The Eg extracted by QE also increase 

slightly with low temperature annealing at 150˚C but no change is observed when 

annealing at higher temperatures.   

The metric Eg-QE-EPL-RT decreases for the 150˚C annealed sample however the 

onset of PL (i.e. the deepest tail states) are found to be ~250 meV below the Eg for all 

samples regardless of annealing condition. This suggests the deepest sates are not 

removed by annealing.  As previously found, near stoichiometric samples were found 

to have lower energy PL emission, however Eg were not extracted from QE since all 

stoichiometric films were shunted. 
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Figure 4-16: PL peak position and Eg as extracted from QE of low-temperature 

annealed films.  

PL lifetimes measured at room temperature for the Cu-poor samples were also 

found to improve slightly for the low-temperature annealed samples as seen in Figure 

4-17. The fast primary decay noted from the peak of the TRPL spectrum is convoluted 

with the fall-off of the 1 ns laser pulse width and is also often attributed to fast 

recombination mechanisms including the surface [152]. This region gives a lifetime of 

0.2 ns. The slower decay region noted beyond 5 ns is attributed to slower recombination 

associated with the material quality. This region was fit with a single exponential decay 

and lifetimes of ~1.5 ns were extracted for the as-made 250˚C annealed samples, while 

the 150˚C annealed sample gave a lifetime of ~ 2 ns with the 200˚C annealed sample 

falling in between.  It’s not clear if the origin of the increase in lifetime is related to Cu-

Zn order, or other deeper defect states which might be expected to be reduced by lower 

temperature equilibria as discussed in Section 3.6.4. 
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Figure 4-17: Lifetimes of low-temperature annealed films taken at room temperature 

4.7.4 Capacitance-voltage 

Capacitance voltage (CV) measurements can provide an upper bound for carrier 

concentration (NCV) near the edge of the space charge region by measuring the change 

in capacitance under an applied AC bias. A DC bias can be further used to shift the edge 

of the depletion region and probe NCV as a function of depth through the film. More 

details of the measurement are listed in appendix and a derivation and background on 

the method can be found in Ref. [153], [154].  Measurements were not found to vary 

significantly between 1 kHz to 1 mHz, and the data shown below were taken at 100 

kHz. 

As seen in Figure 4-18, carrier concentrations as measured by CV were found to 

decrease by a factor of >2x after annealing for all temperatures. This is similar to the 

results reported for single crystal samples, where Hall measurements showed reduced 

carrier concentration for slow cooled samples. The origin of the slight changes in carrier 
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concentrations between 150, 200 and 250˚C are not clear and are complicated by sub-

Eg states and interface states which may respond and influence the CV measurements 

[153]. DLCP measurement, which give a more accurate estimation of carrier 

concentration typically show 2-10x lower carrier concentrations for similar CZTSe 

samples [31].  

 

Figure 4-18: NCV from carrier capacitance-voltage measurements 

The trend of decreasing carrier concentration with annealing would have two 

primary impacts on devices. All other things being equal, a reduction in carrier 

concentration will reduce VOC as shown in Equation 2:  

 ∆𝑉𝑜𝑐 =
𝑘𝑏𝑇

𝑞
 ln (

𝑁𝑎

𝑁𝑎𝑜
2) 

Equation 2 

Where 𝑘𝑏 is the Boltman constant, 𝑇 is temperature, 𝑞 is electric charge, 𝑁𝑎 is 

the hole concentration for a p-type material and 𝑁𝑎𝑜 is the initial hole concentration. 

Second, the width of the space charge region (𝑋𝑝), will be extended for lower 

carrier concentrations according to Equation 3. 
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 𝑋𝑝 = 𝑤(
𝑁𝐷

𝑁𝐴 + 𝑁𝐷
) Equation 3 

Where 𝑁𝐷and 𝑁𝐴 are the electron and hole concentration of the n-type and p-

type layers respectively and 𝑤 is the total depletion region width.  

4.7.5 Device Results 

Devices made from samples annealed below the disorder transition temperature 

showed improved efficiency through in VOC and current, while devices annealed at 

higher temperatures were found to decline in performance.  The average of four devices 

for each annealing condition are shown in Figure 4-19, while the best device curve is 

shown in Figure 4-20.  

 

Figure 4-19: Device parameters for Cu-poor low temperature annealed films, average 

of 4 devices 
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Figure 4-20: Comparison of JV curves of best device from low-temperature annealed 

films 

The improvement in JSC for the 150˚C annealed sample can be attributed to 

improved long wavelength collection which is a function of both the extended depletion 

width, as expected from CV results, and the a slight improvement in minority carrier 

lifetime. This can be confirmed in the EQE spectrum shown in Figure 4-21. The increase 

in JSC is noted despite a small increase in Eg. The origin of the improvements in VOC for 

the sample annealed below the disorder-transition is less directly clear.  The observed 

decrease in carrier concentration should slightly decrease VOC, however the PL 

measurements may offer an explanation for the VOC improvement. The reduction in Eg-

EPL suggests optically active sub-Eg states are being reduced which would have a 

consequent reduction on band-tailing thus improving VOC.   

For samples annealed at 200 and 250˚C, the VOC is found to drop by 40 mV, the 

fill factor (FF) drops by 10% and the JSC remains approximately unchanged.  The 

samples as-made (“None”) are expected to be in the fully-disordered state on the Cu-Zn 

lattice due to the fast cool-down from the final 375˚C air anneal step, and since the 
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annealing temperature is above the reported disorder temperature, Cu-Zn cations would 

be expected to remain fully-disordered. Consequently the Eg from EQE and PL spectra 

have only small changes.  The decrease in VOC predicted from the change in carrier 

concentration (Equation 2) is ~30 meV, which is close to the 40 meV observed decrease. 

In addition, the JV curves for the annealed samples show significant light/dark crossover 

and apparent EQE greater than 1 for short wavelengths under light bias. Both of these 

observations have been explained in the literature by changing photo-conductivity of 

CdS or a barrier at the interface [155]–[157].20  This suggests change in the nature of 

the surface with annealing which may modulate the CdS deposition. Cu doping of the 

CdS has been explained as one potential source of the observed behaviors in literature 

reports [157]. The modified interface may explain the reduction in FF observed for these 

samples.  

 

                                                 

 
20 Photoconductive CdS will result in a lower series resistance under light, thus 

causing the cross-over of the light and dark JV curves.  In light-biased EQE, the bias 

light is expected to be a constant offset of collected current which is from a chopped 

light.  For photoconductive layers, apparent EQE above 1 can be obtained when 

additional carriers are collected from the bias light due to changing photoconductivity 

CdS from the chopped light signal. More details are described in [155]. 
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Figure 4-21: (A) EQE spectrum of as-made “None” and 150˚C x 1 day annealed 

sample showing increase in long wavelength response. (B) Log plot of 

EQE for all annealed samples showing shift in Eg only for 150˚C 

annealed sample.  

4.7.6 Conclusions for Low-Temperature Annealed Devices 

Annealing thin films for extended times below the disorder temperature may 

offer a promising way to improve device performance. Current champion thin films 

appear to be in fully disordered state as made, and often contain sub-Eg states 

significantly below the Eg as measured by PL.  

 Films annealed below the disorder temperature offer lower carrier 

concentrations, improved minority carrier lifetimes, and higher PL energy and higher 

Eg from QE. More importantly, band-tailing appears to be reduced as signaled by the 

reduction in deficit between the Eg and room temperature PL signal. These changes 

result in both improved VOC and improved JSC despite interface modification which 

proves detrimental for higher temperature annealing.  

The changes in Eg and PL are smaller than observed in slow-cooled single 

crystals, likely due to the higher equilibrium disorder expected at 150˚C. Further 
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increases in cation order and reduction in band-tailing may be achievable with annealing 

at temperatures below 150˚C or with a slow-cool or step-down annealing procedure.  

The slow cooled single crystal results suggest however that even with a very 

slow-cooling procedure, high levels of disorder (multiple % of the Cu-Zn) and potential 

fluctuations remain. Further techniques will be needed to completely eliminate band-

tailing. 

4.8 Single Crystal Champion Device Analysis and Comparison to Thin Films 

The best achieved single crystal device parameters and the current record 11.6% 

CZTSe thin film device are compared in Table 4-5. The IV curve for the champion 

crystal can be found in  

Table 4-5: Comparison of champion thin film and champion single crystal device 

 

The 33% deviation in efficiency is mostly explained by the 25% drop in current 

(JSC), while the VOC and fill factor (FF) are only 5% and 1% lower than the IBM 

champion device respectively.  When adjusted for a slightly smaller bandgap measured 

in the single crystal, the VOC deficit is almost equivalent to the record thin film device.  

A more detailed discussion of FF and JSC are given below. 
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4.8.1.1 Fill Factor and Series Resistance 

The small change in FF is also quite surprising given that the CZTSe layer in the 

single crystal is 1 mm, ~500x thicker than the 2 micron thin film.  The series resistance 

component from the bulk absorber can be calculated by:  
1

𝑞 ρ µ𝑝

∗ 𝑡,  where q is electric 

charge, ρ is hole density, µp is hole mobility in the through film direction and t is 

thickness. Min and max values for the RS contribution of the absorber layer were 

calculated based on measured mobilities and carrier concentrations typical for films and 

crystals from Hall and DLCP.  As seen in Table 4-6, in the worst case, the 1 mm CZTSe 

crystal contributes less than 25% of the measured series resistance of the device.  For 

films, despite the lower carrier concentration and resistance, the absorber layer may 

contribute only a few percent of the total RS.  

A second conclusion from this analysis is improvements in RS for the single 

crystals must target interfaces and other cell layers to reach similar values to thin films.  

It’s also worth noting that in this case, only a small portion of FF is attributable to RS 

and further improvement in FF will arise naturally from an increase in VOC which is a 

more critical area for future improvements.  
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Table 4-6: Series resistance contribution due to absorber thickness for single crystals 

and thin films 

  

ρ µp Thickness 

Calculated 
RS from 

absorber 

Measured 
RS (for full 

device)  

/cm3 cm2/Vs cm Ω/cm2 Ω/cm2 

Crystal 
Min 1E+17 150 0.05 0.021 

~1.2 
Max 5E+16 50 0.1 0.250 

Thin Film 
Estimated 2E+15 50*21 2E-04 0.013 

0.325 
Max 2E+15 1* 2E-04 0.625 

 

4.8.1.2 Current and EQE 

The 25% lower current for the single crystal can be diagnosed from a 

comparison of the EQE curves as seen in Figure 4-22. The differences can be split into 

3 regions with different attributions as noted by the arrows in the Figure.   

                                                 

 
21 The measured thin film µp ~1 cm2/Vs, however the measurement is cross-grain.  

The expected through-grain mobility relevant for RS is likely much higher and closer 

to the single crystal µp. In fact, the calculated RS of the film is with the measured ~1 

cm2/Vs mobility is 2x higher than the total device RS which includes interface, 

contacts therefore confirming the measured mobility is too low. 
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Figure 4-22: EQE comparison of champion single crystal from this work and 

champion 11.6% CZTSe thin film device (data extracted from [31])22 

For arrow (1) in the 300-500 nm high energy range, CdS as well as the TCO 

layer are is expected to absorb a significant portion of the photons. IBM uses an 

optimized thin TCO/CdS stack as described [136], to reduce absorption and reflection 

in the low wavelength region and improves current by ~3 mA/cm2. Evidence for a 

thicker CdS layer for the single crystal sample is also noted in poor FF for the single 

crystal with under red illumination (not shown).  The resistivity of CdS is reduced by 

photoexcitation above the Eg due to filling of trap states. Red light however is below the 

Eg and therefore does not reduce the resistivity.  Consequently under red illumination, 

                                                 

 
22 Note: the EQE curves were taken on different setups and therefore small 

instrumental differences are expected but should not change the general conclusions.  
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or in the dark, thicker layers, or highly compensated CdS, can contribute significantly 

to series resistance [155]. 

Arrow (2) can be explained by improved reflection, as well potentially higher 

interface recombination in the single crystal sample. Interface recombination will shift 

the EQE down across the entire spectrum and due to the described surface challenges 

for single crystals, increased interface or near surface recombination may be expected. 

A MgF2 anti-reflective coating is also used on the champion thin film in addition to a 

The aforementioned optimized CdS/TCO layer which is modeled to also reduce 

reflection. 

Arrow (3) points to the long wavelength region where a fall off is seen for the 

single crystal sample.  This suggest the inability to collect minority carriers absorbed 

deeper into the device away from the space region.  The combination of both a narrower 

space charge region due to higher carrier concentrations and a shorter diffusion length 

from a shorter minority carrier lifetime explain this change. The minority carrier lifetime 

for the champion CZTSe film is on the order of 2 - 2.5 ns, and the best measured crystals 

were between 1-1.5 ns, although the current champion device has not yet been measured 

and may be slightly higher than past crystals as suggested by the improved EQE shape.  

Interestingly, despite the lack of grain boundaries, single crystals still appear to have 

lower minority carrier lifetimes compared to single crystals. This may be partially due 

to poor surface quality on single crystals compared to thin films.  Calculations can show 

that the average e-h pair is generated >3x closer to the surface than it is to the closest 
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grain boundary using 532 nm excitation,23 which suggests under the assumption of 

equal recombination velocities, surfaces will dominate over grain boundaries. 

The EQE curve for the SY24E-D20 was also taken at reverse bias and under 

light bias and the ratios compared to the dark EQE are graphed in Figure 4-23. For both 

light and voltage bias, a slight improvement is noted beyond 1200 nm. The improvement 

is attributed to an extension of the space charge region which increases the field assisted 

collection and is typical in films with non-ideal collection. Although the improvement 

in long wavelength is mild, only a slight -0.3 V reverse bias voltage was applied.  

 

Figure 4-23: Light-bias and reverse-bias EQE ratio 

                                                 

 
23 For CZTSe at 532 nm, 90% of light is absorbed in 150 nm, and an approximate 

average absorption depth of ~50 nm can be calculated. For a film with 1 micron grains 

(approximated as a 1x1 micron square), the average distance to the closest grain 

boundary can be calculated to be 142 nm. Champion devices have >2 micron grains 

and therefore average distance of a generated photon to a grain boundary is >280 nm, 

which is large compared to the average distance to the surface of ~50 nm. Therefore 

interaction with the surface is more probable. With 808 nm excitation, average surface 

and grain distances are closer to equal. 
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4.8.1.3 Capacitance-voltage and JV-Temperature Analysis 

The defects around the edge of the space charge region were further studied by 

Capacitance-voltage (CV) and drive-level capacitance profiling (DLCP) as shown in 

Figure 4-24.  An older 6% single crystal from the same synthesis, SY24E-D4, was used 

since the most recent champion was achieved only a month before this writing.  The 

device parameters for this cell are listed in Figure 3-4. CV and DLCP measurements 

were taken at 100 kHz.  

Both NCV and NDLCP are >10x higher for the single crystal sample.  NDLCP should 

more accurately reflect the carrier concentration without interface states. The increase 

in carrier concentration is expected due to the higher Cu-composition of the single 

crystal sample (Cu/(Zn+Sn) = 0.85 vs 0.80). In addition, NDLCP and NCV for the single 

crystal sample increase strongly as the junction with a smaller space charge region.  This 

could suggest changes affecting the surface of the crystal.  The higher carrier 

concentration also results in a narrower depletion width which is depicted in the Figure 

with dotted lines from the measurements at zero bias. The depletion width for the single 

crystal is on the order of 100 nm which is less than half that of the thin film, which in 

part explains the EQE results shown above. 
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Figure 4-24: Defect densities from DLCP and CV for 6% single crystal and current 

champion 11.6% thin film [31] 

Additional JV testing was performed as a function of temperature as shown in 

Figure 4-25. The VOC as a function of temperature can be extrapolated at 0K to provide 

an activation energy for the main recombination process. In ideal solar cells this 

extrapolation is equal to the Eg, however band tailing and interface problems can lead 

to activation energies lower than the Eg [54], [158].   
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Figure 4-25: VOC-T measurements for 6.4% cell (SY24E-D4).  

As seen in the Figure, VOC extrapolates to ~0.79 V which is significantly less 

than the observed 0.98 eV bandgap.  It’s worth noting however, the temperatures listed 

in the Figure are based on a monitor thermocouple mounted on a neighboring thin film. 

The samples are mounted on a cold block under low vacuum, however due to light 

exposure, the crystal surface may end up warmer than reference thermocouple due to 

thick nature of the crystal and distance from the cold block.  This would offset the 

temperature and extrapolation closer to the Eg.  

Although definite conclusions cannot be made due to the need for additional 

temperature calibration, the current record 12.6% CZT(SSe) extrapolates to ~100 meV 

below the Eg for the device which is similar to the PL peak at room temperature.  This 

suggests that band tailing, rather than interface problems, may dominant recombination 

in these materials.  
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4.8.2 Conclusions and Paths Forward 

Through the improvements noted in the course of this work, the VOC deficit 

achieved for single crystals is now approximately equal to champion thin films devices. 

Despite progress, significant room for improvement remains.  

In the bulk, Cu-concentrations and therefore carrier concentrations remain above 

that of high efficiency thin film devices.  Higher carrier concentration directly relates to 

lower minority carrier lifetimes, and result in a shorter space charge region which limits 

collection in long wavelength. DFT calculations further suggest minority carrier 

lifetimes are reduced by CuZn+SnZn defects which are minimized at Cu-poor and Sn-

poor stoichiometries.  This is supported by our lifetime measurements, as well as other 

TRPL measurement which suggest the optimal Cu/Sn ratio is ~1.75 (compared to ~1.95 

achieved). 

At the surface, further passivation or improved junction quality is needed. 

Annealing post-CdS deposition appears to be an easy to implement and promising 

opportunity. Removal of the damaged top surface layer has proven essential for current 

devices, and recent evidence, such as the ratio of PL at 1064 and 532 nm, suggests the 

surface is still a problematic region with high levels of recombination. Achieved 

minority carrier lifetime measurements appear to be dominated by the surface and are 

not reflective of the bulk material quality. Further improvements are expected with 

optimized air annealing and post-CdS annealing. Na incorporation via post-deposition 

is an additional area with large potential benefits for single crystals. All reported high 

efficiency thin film devices have incorporated Na which has been shown to passivate 

surfaces and improve all device parameters.  

One method which may help both the bulk and surface is post-annealing in Zn 

and Se rich environments.  In the near surface of 1-10 nm, a Zn-enrichment is thought 
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to create band bending which will improve passivation and CdS alignment. For 

changing bulk stoichiometry, only the top ~1 micron requires Zn-enrichment since this 

is the region of light absorption and therefore controls the space charge width and 

dominant recombination controlling VOC and JSC.   

A third lesser challenge includes improving the device stack. Thinner CdS, 

optimized ZnO/ITO thickness, and an anti-reflective coating are likely to significantly 

reduce the noted deficit in current. 

For thin films devices, band-tailing and deep defects appear to be the critical 

bottleneck. Defect states measured by PL were found to be deeper than quenched single 

crystal samples, and significantly deeper than slow-cooled single crystals.  Further 

optimization of low-temperature annealing may prove fruitful.  Although not discussed 

in this work, experiment performed while working at IBM suggest the reactions of 

CZTSe with the back contact appear to be correlated with the deep defect states 

observed by PL and are also the source of high recombination.  Reducing this back 

contact reaction may help CZTSe achieve new record efficiencies. 

Ag-substitution or other related strategies are an alternative method of achieving 

reduced band-tails, however, this further increases the complexity of the system in 

addition to diminishing the “earth-abundant” motivation for CZTSe.  

Minority carrier lifetime also lags CIGS by 1-2 orders of magnitude and is an 

area for potential improvement [31], [44], [83]. The factors limiting the carrier lifetime 

are not yet clear – and single crystal may help elucidate these– but fast, sub-ns decay 

for 99% of the PL signal suggests further passivation of surfaces and grain boundaries 

may be necessary. Passivation techniques learned from single crystals prove helpful 
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here. Additional techniques borrowed from CIGS such as optimized Na and K post-

deposition annealing may also prove beneficial.  

Ultimately, the future of the CZTS material-system depends on our ability 

understand and control the bulk defects. Band-tailing from disorder in the cation lattice 

appears to be one of the most intractable thermodynamic problems due to the low 

formation energies of Cu-Zn anti-sites. Hopefully the future research can build off the 

steps and principles of this work to understand and control defects in CZTSe. 
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THIN FILM FABRICATION BY CO-EVAPORATION: EFFECTS OF 

GROWTH CONDITIONS ON SECONDARY PHASES IN CZTSe  

5.1 Overview of Work 

Thin film fabrication was performed from 2011-2013, prior to collaboration with 

IBM.  High temperature co-evaporation was utilized, and as will be discussed, the two 

primary areas for control of CZTSe formation are effusion rates, and the growth 

temperature throughout the duration of the growth. Efforts were made to improve 

control and repeatability in both areas.  

In order to improve effusion repeatability, the Zn source design was modified to 

limit effusion through a rate controlling nozzle with effusion rates calculated by effusion 

model. This is not discussed in the body of the text but source design modifications and 

the source code for the effusion model are given in the Appendix Pg. 247. 

Composition, and therefore electronic properties were found to be sensitive to 

growth temperature.  Composition has an almost step-function change at critical 

temperatures of ~520˚C for our depositions and therefore lower temperatures or strong 

temperature uniformity are required. The system was further modified so growth 

temperatures could be mapped and logged across the nine 1x1in substrates during 

growth. Improved uniformity and temperature control was investigated via modified 

substrate holders and the addition of heat-spreaders. Improved uniformities were 

ultimately achieved. This is discussed briefly in the appendix Pg. 250. 

Chapter 5 
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Additional modification of the evaporation chamber for fast cool-down, as well 

computer programmed source control and temperature logging (with significant help 

from John and Shannon!), and an examination of the thermodynamics of phase 

formation through the use of the effective heat of formation model were explored but 

will not be covered in this work. 

The work below focuses on decomposition at the front and back contact and was 

published in MRS Advances in 2013 and is re-printed here with minor modifications. 

 

5.2 Abstract 

High temperature multi-source co-evaporation has been the most successful 

approach to fabricate record efficiency Cu(InGa)Se2 devices, yet many groups have 

been unable to replicate this success when transferring these methods to the 

Cu2ZnSnSe4 system. The difficulties stem from the dramatic differences in the 

thermochemical properties which result in decomposition and loss of volatile species, 

such as Zn and SnSe, at temperatures needed for growth.  In co-evaporation, 

decomposition and element loss must be managed throughout the entire growth 

process, from the back contact interface to the final terminating surface of the film.  

The beginning and ending phases of deposition encompass different kinetic regimes 

suggesting a phased approach to growth may be helpful.  A series of depositions with 

different effusion profiles were used to demonstrate the effects of decomposition 

during different stages of growth. Secondary phase detection can be challenging in 

CZTSe, but a combination of SEM imaging and thin cross-section depth profile by 

EDS were found to best identify and locate the secondary phases that occur during 

different phases of growth for co-evaporated Cu2ZnSnSe4 films.   
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Deposition with a uniform incident flux followed by shuttered vacuum cool-

down yielded films with a ZnSe phase at the absorber/Mo interface and Cu-rich 

composition at the surface of the exposed film. Devices from these absorber layers 

never exceeded conversion efficiencies of 1%. Decomposition at the surface could be 

prevented by continuing effusion of Se and Sn during the cool-down of the substrate.  

Resulting films demonstrated more faceted grains as well as significantly improved 

device performance. Secondary phases that traditionally form at the back contact 

during the beginning of growth were minimized by decreasing the substrate 

temperature to 300˚C during the initial stages of deposition which reduced the ZnSe 

formed at the Mo interface.  The thermochemical origin of the secondary phases will 

be discussed and the performance of representative devices will be presented. 

5.3 Introduction 

Cu2ZnSnS4 and Cu2ZnSnSe4 (CZTS and CZTSe, respectively) have generated 

significant interest as earth abundant absorber materials for photovoltaic devices in the 

last half decade.  The kesterite crystal structure can be derived from chalcopyrite 

structure, however, the thermochemical properties are quite different from 

Cu(InGa)Se2, leading to difficulties when growth and annealing strategies are 

translated directly to CZTSe [1-2].  In stark contrast to CIGS, record device 

efficiencies have often been achieved by solution-growth methods [134].  Research 

teams attempting high-temperature multi-source co-evaporation have reported mixed 

results with only one team (NREL) reporting >5% device efficiency without a separate 

controlled annealing process [161]. Co-evaporated films have often exhibited 

secondary phases at the front and rear of the film, which is a result of phase 

decomposition and element loss during different stages of growth [2, 5–7].  A key 
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advantage of co-evaporation at film formation temperatures is the potential to drive 

reaction chemistry towards desired compositions and properties by controlling the 

elemental incident fluxes throughout the deposition. Thus, despite the challenges in 

co-evaporation, with the proper understanding of the thermodynamics and kinetics, a 

procedure can be developed to avoid decomposition and manage element loss to 

obtain high efficiency CZTSe devices. 

This paper highlights the thermodynamic challenges of the CZTSe system with 

a simple constant effusion deposition.  Different time/temperature deposition profiles 

were used to control the location and presence of secondary phases at the front and 

back of the films.  

5.4 Experimental 

Films were deposited by multi-source co-evaporation from the elements on 1”x 

1” SLG/Mo substrates held at 300-500˚C depending on deposition.  Base pressure was 

1×10-6 Torr before growth. After deposition, devices were fabricated with the typical 

CIGS stack, SLG/Mo/CZTSe/CdS/ZnO/ITO and a Ni/Al grid on the front surface. 

Raman spectroscopy and x-ray diffraction (XRD) analysis showed only slight 

variations between films and little definitive evidence of secondary phases, but 

imaging the film surface and cross-section by scanning electron microscope (SEM) 

coupled with energy dispersive spectroscopy (EDS), were able to clearly illustrate 

decomposition and the presence of secondary phases. An Auriga 60 Crossbeam SEM 

was used. An in-lens secondary electron detector was used with 3kV beam voltage 

which was able to clearly distinguish the presence and location of ZnSe inclusions 

from scratch and focused ion beam (FIB) cross-sections. Film compositions were 

obtained using x-ray florescence (XRF). 
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5.5 Results and Discussion 

As has been demonstrated in the literature, although Reaction 1 is spontaneous 

(Gibbs free energy < 0); the reverse reaction, decomposition of CZTSe, can still occur 

at an appreciable rate at temperatures needed for film processing. This is due to the 

distribution of energies and the relatively small difference in Gibbs free energy between 

CZTSe and binary reactants [163]–[165] 

 

Cu2Se (s) + ZnSe (s) + SnSe (g) + ½ Se2 (g) ↔ Cu2ZnSnSe4 (s)  R1 

  

At solid state equilibrium, the products of decomposition would be quickly 

diminished by the more favorable forward reaction to create CZTSe, but in thin films 

with significant exposed surfaces, SnSe and Se can be lost due to high volatility, 

rendering the forward reaction to create CZTSe impossible.  In this way, entire CZTSe 

films can decompose into Cu2Se and ZnSe at temperatures above 500˚C [9, 10].  This 

thermodynamic process occurs regardless of atmosphere, however a higher background 

pressure can slow the rate of SnSe loss by allowing some lost SnSe to re-adsorb. A 

SnSe-containing atmosphere, or effusion of Sn and Se in the case of co-evaporation, can 

also keep the surface at equilibrium by replacing species lost to volatility. 

The vapor pressure of Zn is four orders of magnitude higher than SnSe at 500˚C, 

and consequently Zn loss is also observed in many CZTSe deposition processes from 

elemental sources. However, Zn loss has not proven to be problematic.  The reaction to 

form ZnSe, which occurs >330˚C, stabilizes any Zn from vaporization.  In this case, the 

reverse reaction back to elemental Zn is extremely unfavorable due to the very low 

Gibbs free energy of ZnSe. Formation of Cu-Zn alloys can theoretically, also act to 

stabilize Zn, though the presence of Cu-Zn has not been detected in co-evaporated films.  
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From analysis of the final film, under our experimental conditions, 50% of the 

deposited Zn and 85% of the deposited Sn was lost during deposition at 500˚C. A higher 

loss of Sn is observed despite the much lower vapor pressure of Sn/SnSe.  This can be 

attributed to a combination of the rates of reaction to stabilize SnSe (by forming 

Cu2ZnSnSe4 or Cu2SnSe3) and also the aforementioned reverse reactions that can occur 

throughout the deposition.   

The rate of SnSe loss changes during three growth regimes at the beginning, 

middle, and end of the growth process. During the first stage Sn and Se deposit on the 

Mo substrate with little CZTSe being formed. In this stage SnSe is formed quickly and 

lost very rapidly as the SnSe has not been stabilized by formation of CZTSe or Cu2SnSe3 

[160].  The sticking coefficient also depends on lattice mismatch and bonding to the 

deposition surface, so it may be expected that the Mo substrate may also increase SnSe 

loss compared to later stages of film growth.   In the second stage, during the majority 

of growth, Sn and Se are depositing on CZTSe and other binary intermediates.  During 

this stage, SnSe is lost through either vaporization of the binary or decomposition of 

CZTSe, although SnSe is also somewhat stabilized through the formation of CZTSe.  In 

the third stage, when growth has finished and the absorber layer is cooling, SnSe can 

only be lost through CZTSe decomposition. Since decomposition and the creation of 

secondary phases are directly related to SnSe loss, these regimes have a significant 

effect on the final absorber layer composition and the location of secondary phases.   

  The two main control variables during deposition include effusion rate and 

substrate temperature. Initial films were grown with a constant effusion onto a 500˚C 

substrate with enough excess Sn and Se to achieve the desired Cu-poor, Zn rich CZTSe 

composition. In the control method (Method 1, see Figure 5-1), films were shuttered 
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immediately after growth, while in a second method, to replace lost SnSe and prevent 

CZTSe decomposition, effusion of volatile Sn and Se was continued but ramped down 

until films cooled below 350˚C (Method 2, see Figure 5-2). 

Since SnSe loss is particularly rapid in the first stage of growth, a lower substrate 

temperature was used to reduce volatility.  For these depositions, elements were initially 

deposited at 300˚C, before being ramped to 500˚C in order to drive the reaction and 

promote grain growth (Method 3, see Figure 5-4). 

5.5.1 Decomposition during Film Cool-down 

The most apparent result of decomposition occurs on the surface of the film. 

During growth, excess effusion of volatile species compensates for SnSe loss, but after 

film growth has stopped, as the films cool down, decomposition and element loss 

continues unless further of Sn and Se are supplied.     

In Method 1 (Figure 5-1A), a constant elemental effusion was used and 

substrates were shuttered after deposition and the substrate temperature cooled to room 

temperature before venting the chamber.  Although this simple procedure can produce 

good quality films for CIGS, CZTSe films were found to be shunted, with a Cu2Se 

secondary phase detected by XRD. The shunting and overall device performance were 

not fully restored with a KCN etch.  Zn-rich regions were also found on the film surface 

through SEM and EDS mapping at low beam energies.  The surface morphology from 

method 1 appears to be more rounded with facets, steps and islands on the surface which 

would be consistent with decomposition, as volatile species are removed more rapidly 

from corners and step edges (Figure 5-2A) [166]. 

In Method 2 (Figure 5-1B) the effusion of Sn and Se were ramped down during 

the cool-down of the film until the surface was below 350˚C. The film morphology 
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exhibits a more faceted grain structure (Figure 5-2B) and produced devices that 

exhibited much less shunting (shunt conductance typically decreased by 2x-10x), and 

higher efficiencies (>4% compared with <1%), suggesting that CZTSe surface 

decomposition has not occurred.  Zn was effused for 0-5 min during cool-down based 

on literature results observing improved cell results for slightly Zn rich termination 

[161]. 

   

Figure 5-1: Source and substrate temperature during deposition.  A) Method 1 with no 

effusion during substrate cool-down. B) Method 2 with effusion of Sn 

and Se during cool-down 

A) 

 
B) 
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Figure 5-2: SEM images of CZTSe surface with different deposition methods. A) 

Method 1 with no effusion during cool-down showing. B) Method 2 with 

effusion during cool-down showing more faceted grains. 

5.5.2 Decomposition at the Back Contact 

Similar thermodynamic issues also present problems at the back side of the film 

during the beginning stages of film growth.  For films deposited at 500˚C, a layer of 

ZnSe is formed at the back contact as has been observed in the literature [5,6,12].  The 

ZnSe layer was confirmed by an EDS depth profile of a 100 nm thick cross-section 

created by a FIB (Figure 5-3).  

 

Figure 5-3:  Cross-section of CZTSe absorber layer created by FIB and EDS depth 

profile. 

  

A) 

 
B) 

 

1 µm 

1 µm 1 µm 
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ZnSe can be clearly illustrated by bright charging regions in secondary electron 

SEM images when in-lens secondary electron detection is used. The in-lens detector has 

better detector efficiency of low energy electrons and has higher signal-to-noise ratio 

allowing higher contrast for impurities and in this case, charging [167]. When the 

traditional secondary electron detector was used, the contrast elucidating ZnSe is not 

observed.  

It is important to note that typical planar EDS measurements will often miss 

secondary phases at the back contact due to a sampling volume that highly weights the 

top micron of the film. For this reason all film compositions were measured by XRF 

which was calibrated by ICP.   

The origin of the ZnSe layer is due to the higher volatility and loss of SnSe in 

the initial stages of deposition [2, 6].  A new deposition regime was developed to prevent 

SnSe loss particularly during the early stages of growth by beginning the deposition at 

a lower temperature (Method 3, Figure 5-4).  The deposition was started with the 

substrate at 300˚C and later ramped to 500˚C for 20 minutes to drive the reaction and 

promote grain growth. Elemental source temperatures were correspondingly increased 

to accommodate the lower sticking at the higher substrate temperature. At 300˚C, SnSe 

vapor pressure is three orders of magnitude lower than at 500˚C, which allows Sn to 

incorporate into the growing film from the beginning of the deposition and decrease 

formation of the ZnSe layer. 
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Figure 5-4: Source and substrate temperature during deposition for Method 3.  

Deposition began with lower substrate temperature to minimize Sn loss.   

 

 

 

Figure 5-5: SEM images of CZTSe deposited with different conditions. A) SEM 

scratch cross section of CZTSe deposited at 500˚C (Method 2)  B) SEM 

FIB cross-section deposited beginning at 300˚C (Method 3).  

B) 

 
A) 

 



 189 

 

 

Figure 5-6: Corresponding cell results for CZTSe films deposited at A) constant 500˚C 

substrate (Method 2), and B) deposited beginning at 300˚C (Method 3). 

Figure 5-5A and B shows cross-section SEM images of CZTSe films grown 

beginning at 500˚C and beginning at 300˚C respectively. Both films clearly contain 

ZnSe inclusions, however, in the deposition started at 300˚C the precipitation occurred 

more evenly throughout the depth of the film and does not form a contiguous layer at 

the back contact.  Previous reports in the literature have not observed ZnSe inclusions 

in the middle of the film, however this may be due to difficulty of detection [168]. The 

presence of ZnSe in the bulk is likely due to high Zn levels, beyond the tolerance of 

the narrow single phase region for CZTSe [41]. In depositions at 500˚C, it is likely 

favorable for ZnSe to continue to grow from where it nucleated at the back contact, 

rather than forming precipitates in the middle of the film, in order to minimize 

interfacial energy. 

Despite the similar compositions, Zn/Sn ratio of ~1.3, and Cu/(Zn+Sn) ~ 0.85, 

substantial improvement in JSC and VOC is seen (Figure 5-6) with films deposited at 

300˚C.  Previous literature reports have suggested ZnSe at the back contact has little 

effect on cell performance though the nearly contiguous ZnSe layer seen above appear 

A) 

 

B) 
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to decrease VOC and JSC. [41] .  Given the low carrier lifetime in CZTSe, increasing 

the carrier distance to the back contact could lead to significant carrier recombination 

[161].  The ZnSe inclusions in the middle of the cell appear to have less effect on cell 

performance and may act mainly as “dark space” but do not block current as would be 

expected from a semi-contiguous ZnSe layer. 

It is worth noting the “improved” devices still have not been fully optimized, 

as noted by the clear presence of 2nd phases.  The record co-evaporated device (9.15%) 

used a Cu-rich growth (although similar high-performing devices were created from 

without Cu-rich growth) and also a number of additional steps including excess Na, air 

annealing, and an anti-reflective coating which may help explain part of the gaps in 

VOC and JSC [161]. 

5.6 Conclusions 

Improved materials and devices have been demonstrated by modified 

deposition regimes that address the thermodynamic challenges of CZTSe multi-source 

evaporation. The use of in-lens SEM imaging has proven a useful tool for identifying 

the presence and location of ZnSe secondary phases.   

Decomposition can be easily observed by the morphology on the surface of 

films cooled in a vacuum without continued supply of Sn and Se.  The loss of SnSe 

must be addressed by effusion of volatile elements during all stages of growth and 

cool-down. 

Different kinetics in the beginning phases of deposition can result in a ZnSe 

layer at the back contact which can block current.  This layer, also related to loss of 

Sn, can be addressed by reducing SnSe volatility by lowering the substrate 

temperature at the beginning of growth.  With an improved understanding of material 
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decomposition and chemistry throughout the film growth, deposition can be further 

optimized.   
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SUMMARY OF CONTRIBUTIONS 

In this work single crystals were studied to better understand the challenging 

defects in Cu2ZnSnSe4.  New growth methods were developed and mm-sized crystals 

were achieved for the first time without a flux agent.   

Both bulk and surface defects for single crystals and films were investigated and 

manipulated to reduce recombination and improve VOC.  The critical role of the surface 

was demonstrated and new passivation methods were shown to reduce surface 

recombination and improve VOC. For the bulk, variations in stoichiometry, 

dopants/substitutions, and temperature equilibria were explored. In each area, variables 

were identified that reduce the observed sub-Eg defects and band-tailing which are 

critical bottlenecks in this system. This work has also revised the PL interpretation of 

five highly cited publications, and demonstrated a novel method for screening lifetime 

as a function of wavelength.   

From stoichiometry, new insights into reasons why bulk compositions are found 

to be Cu-poor and Zn rich are demonstrated. In addition to lower carrier concentrations, 

Cu-poor CZTSe exhibits shallower defect states and higher lifetimes. 

The critical role of Na was studied, and bulk incorporation and diffusion was 

measured for the first time.  Na was shown to reduce non-radiative recombination and 

further reduce radiative sub-Eg states, therefore resulting in shallower PL emission.  

Substitutions of Ag were also shown to reduce the extent of band-tailing and pure 

Ag2ZnSnSe4 was demonstrated to have promising optoelectronic properties with band-

Chapter 6 
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band emission without the effects band-tailing. These experiments further support the 

hypothesis of Cu-Zn anti-sites as the dominant origin of the band tails in the CZTSe 

system. 

Further manipulation of defect populations by temperature equilibria are shown 

as a potential route to reducing sub-Eg defects critical for band-tailing. This concept has 

shown the potential to improve device performance in state-of-the-art thin films. The 

concepts and strategy of using cooling-rate or low-temperature annealing to 

intentionally manipulate defect populations is potentially valuable for applications to 

other multinary semiconductors. 

Single crystal devices were demonstrated for the first time, and using the 

aforementioned insights, devices were optimized to achieve VOC deficits competitive 

with the current champion thin film devices.  

Contrasts with thin films have enabled new insights into the bottlenecks and role 

of grain boundaries of CZTSe.  The contrasting effects of air annealing show the 

necessary role of grain boundary passivation in films. Despite improvements, single 

crystals have yet to obtain higher measured lifetimes compared to thin films and in fact 

are often lower, despite the lack of grain boundaries. The hypothesized explanation is 

that defective crystal surfaces are still limiting the measured lifetime of single crystals 

(despite etching) due to the surface sensitivity of 532 nm excitation.  It is also possible 

that single crystal bulk compositions are less optimal (higher Cu and higher Sn) which 

contributing to lower lifetimes. Further experiments with a less surface sensitive 1064 

nm laser are underway to better understand “bulk” lifetimes. 

Additional PL comparisons have demonstrated that radiative defects appear 

shallower in single crystals when compared to state-of-the-art thin films.  Reducing 



 194 

defect depth either through slow-cooling or changes in composition may be promising 

avenues for improving champion thin films. 

CZTSe is a complex and challenging absorber material and many questions of 

remain, however hopefully the insights in this work help provide new strategies to 

controlling the defects and improving performance for CZTSe and other multinary 

semiconductors. 
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[98] A. Redinger, K. Hönes, X. Fontané, V. Izquierdo-Roca, E. Saucedo, N. Valle, 
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CRYSTAL GROWTH 

Link back to original text Pg. 17. 

TGA was performed on CTSe and CZTSe phases formed by sealed ampoule 

synthesis as well SnSe2 powder purchased from Alfa Aesar.  The compositions and 

growth temperatures are given in the table, while the TGA curves are given below. 

Measurements were taken on a TA Instruments Q500 TGA with a ramp rate of 

10°C/minute from 20-1000°C in flowing N2. Prior to loading in the TGA, samples were 

powdered to XRD standard 200 mesh.  

Decomposition temperature was found to depend on fabrication variables as 

shown in the table. The highest decomposition temperature obtained for CZTSe was 

699°C, which was measured on the sample with the highest fabrication temperatures. A 

decomposition temperature of 637°C was measured for a thin film sample that was 

further from stoichiometric composition. Strong deviations from stoichiometry would 

be expected to increase defects and therefore raise the enthalpy of the material which 

would result in lower temperature decomposition. 

The mass loss exhibited, up to 46%, suggests CZTSe lost almost all excess Se 

and SnSe which is volatile at high temperature, and therefore only Cu2Se and ZnSe 

remain after the ramp to 1000°C. Decomposition curves for CZTSe, Cu2SnSe3 and 

SnSe2 are shown in the Figures below. 

 

B.1 Decomposition of Cu2ZnSnSe4 and Cu2SnSe3 By Thermogravimetric 

Analysis (TGA) 
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The Cu2SnSe3 sample was found to decompose at 627°C through the loss of 

excess Se. Further decomposition occurs at >770°C due to the loss of SnSe.  

SnSe2 is shown in the bottom Figure. SnSe2 decomposes through the loss of Se 

at 520°C and SnSe sublimation occurs at ~750°C. 

Table B-1: Summary of Decomposition Temperatures Measured by TGA 

Sample type 
Cu/ 

Zn+Sn 

Zn / 

Sn 

Growth 

Temp 

Onset of 

Primary 

Decompos

ition (°C) 

Mass 

Loss of 

Primary 

Peak 

% 

Decomposition 

(% Loss Sn + 

Se) 

Compaction 

powder 
0.9 1.1 780˚C 699 36.4% 79% 

Compaction 

powder 
0.9 1.2 780˚C 683 36.2% 78% 

Compaction 

powder 
0.9 1.1 750˚C 671 42.4% 92% 

Thin film 

powder 
0.9 1.2 500˚C 637 46.6% 101% 

Cu2SnSe3 

ampoule 

powder 

NA NA 

700˚C 

(above 

melt) 

627 8.4% 50% 
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Figure B-1: TGA curve for CZTSe thin film and CZTSe powder 
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Figure B-2: TGA curve for Cu2SnSe3 powder 

 

Figure B-3: TGA curve for SnSe2 powder  
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Link to original text Pg. 42. 

Purchasing precursors from binary or ternary compounds (ZnSe, Cu2SnSe3, 

Cu2Se, SnSex) were also investigated however finding acceptable precursors proved 

difficult. Commercial availability of the ternary CTSe was limited. For other binary 

precursors, purity was found to be significantly lower than elements (which were 

typically purchased at 6N).  Phase purity was also problematic. Purchased samples of 

Cu2Se and SnSe were found to contain significant phase impurities with large amounts 

of Cu1.8Se and SnSe2 detected by XRD.  For ZnSe, significant absorption of water was 

found to be problematic, although additional dehydration steps are possible. 

Consequently, precursors were made in-house via methods of sealed ampoule 

synthesis analogous to aforementioned methods described for CZTSe.  Due to a high 

melting temperature, in excess of >1500˚C, ZnSe was made below the melt at 

temperatures utilized for CZTSe formation. On the other hand, CTSe melts congruently 

at 687˚C and was therefore made above the melt. For our purposes, the CTSe phase was 

made Cu-poor due to the target Cu/Sn ratios of less than 2 in the desired Cu-poor 

CZTSe.  

CTSe and ZnSe precursor ampoules were grown at ~760˚C, similar to the 

optimized CZTSe procedure. This temperature is not optimized for binary or ternary 

crystal growth (above CTSe melt and far below ZnSe melt), however the goal of ZnSe 

and CTSe growth was to provide a uniform powder as a precursor for CZTSe growth. 

Uniform powders were achieved over the course of ~ 1 week. 

B.2 Growth with ZnSe + Cu2SnSe3 Precursors 
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CHARACTERIZATION DETAILS 

1. Composition 

 XRF – Oxford Instruments X-strata XRF was used. With x-ray tube energy 

of 45 kV and 0.8 mA with a 50 mil aperture for maximum signal. Separate 

application models and separate calibrations were performed for thin films 

and single crystals using samples measured by ICP as a standard. 

Measurement depth is ~200 microns depending on elemental transition. 

Therefore it measures composition evenly throughout a thin film, while also 

providing film thickness via total signal intensity.  The application for films 

was calibrated with a Sn layer from the float glass as part of the model. For 

crystals the measurement was set to 1 mm which is equivalent to infinite 

thickness and should be accurate for samples far in excess of 200 microns. 

Separate calibrations had to be performed to account for matrix-related 

effects.  Measurements were found to much faster and smaller standard 

deviation compared to EDS. Ref. [169] provides a good review of the 

instrument technique. Standard error from counting statistics are shown in 

Figure C-1 for thin films. 

 

C.1 Summary of Characterization Equipment  
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Figure C-1: Repeatability of XRF measurement for thin films over 200 seconds.  

 EDS – An Oxford EDS detector with electron beam energies ranging from 

7 - 20 keV were used depending on depth of information desired. The 

interaction depth of the electron beam varies from ~150 nm to 1.4 microns 

depending on elemental transition and electron beam energy.  Interaction 

depth were modeled at different excitation energies as shown in xxx. 

 XPS – was performed on Physical Electronics Model 5400, equipped with a 

multi-channel hemispherical analyzer, and a monochromatic Al Kα x-ray 

excitation under the applied voltage of 20 kV. XPS lines for Cu 2p, Zn 2p, 

Sn 3d, and Se 3d were used for quantification with elemental corrections 

factor appropriate for the 54.7 angle between x-ray source and analyzer. 

2. Phase analysis 

 XRD – measurement were performed on both thin films and powders in 

symmetric Bragg-Bentano configuration.  Cu k-alpha ration was used for the 

x-ray source operated at 35 kV and 20 mA. Quick scans were performed 

form 10-94 degrees 2theta with step of 0.04 and 2 second dwell, while fine 
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cans were performed over ~12 hrs with step of 0.01 and 5 second dwell. 

Powdered XRD was performed according to ASTM standards although the 

resulting pattern was found to change with air exposure and repeated 

measurement.  Therefore samples were measured immediately after 

powdering. Detailed analysis of the effect of Cu-vacancies in modeled XRD 

patterns can be seen on Pg. 243.  

 Laue – A Photonics Instruments digital Laue camera was used to obtain 

diffraction patterns confirming crystal orientation and monocrystalline 

nature. The X-ray tube was operated at 35 kV and 20 mA with a collimated 

beam diameter of approximately 1.5 mm, which is slightly smaller than 

crystal dimensions. 

 Raman – Raman spectra were taken with a 532-nm laser at 0.3 mW and a 

50-μm spot size to examine phases present on the surface. Raman spectra 

were calibrated using a Si wafer reference at 520 cm-1. Interaction depth is 

limited to the top 150 nm for CZTSe. 

3. Electrical 

 Hall – performed in the Van der Pauw configuration on individual single 

crystals to obtain intra-grain mobilities and carrier concentrations. Silver 

paste was used to attach gold wires to the corners of a 4x3x1 mm crystal. 

For each crystal, three room temperature voltage measurements were made 

in the 10 to 15 kGauss range, using different applied currents to evaluate 

linearity. 

 Seebeck – contacted individual crystals with home built hot probe setup at 

225˚C for carrier type and to extract Seebeck coefficient. 
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 Temp-Conductivity –Performed on bare crystals contacted by silver paste 

and gold wires.  A Linkam cryostat and Keithley source were used for dark 

temperature-conductivity measurements in a 2-wire configuration. 

 JV – Dark and light JV sweeps under AM1.5G were performed at both IBM 

and the IEC and both were calibrated to a silicon standard.  

 VOC-T – Performed on devices with a Linkam cryostat and Keithley source 

were used for dark and light measurements in 4-wire configuration with light 

intensity calibrated to the original JSC of the device.  

 EQE – Performed at both IBM and the IEC in the dark, and also in the light 

bias (at ~50% JSC) and reverse bias.  Measurements were performed out to 

1400 nm and were calibrated to a certified Si-reference cell, however the 

calibration was not possible much beyond the Si Eg, ~1200 nm.  

4. Defect 

 Photoluminescence spectra – The PL spectra were measured using a 

Hamamatsu time-correlated single photon counting (TCSPC) system 

equipped with an InGaAs PMT detector cooled to -80˚C. The detector 

response cut-off occurred at ~0.75 eV. The solid state laser excitation has a 

wavelength of 1064 nm (1.17 eV) although 532 nm (2.33 eV) was achieved 

by frequency doubling and was used as the default. The laser repetition rate 

was 15 kHz and had pulse duration of 1 ns. Intensity dependent 

measurements were performed using a neutral density filter wheel placed in 

front of the sample to obtain a range of excitation densities from 1.5x10-3 

J/cm2/pulse to 6.4x10-5 J/cm2/pulse. A laser irradiation size was measured to 

be 170 microns at full laser fluence. Samples were mounted on a Cu heater 
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block and a liquid He cryostat was used for sample cooling. Small single 

crystal samples proved challenging to align due to the cryostat and blind 

alignment procedure. To avoid detector saturation, an adjustable aperture 

and neutral density filters were utilized in front of the detector. They are now 

standard procedure. Measurements of laser power were performed to find 

injection conditions. They are shown in section B2. Additional modeling of 

the effect of Eg are shown in in section B3. 

 PL imaging – A separate room-temperature PL image setup with 808 nm 

laser (1.53 eV) and InGaAs camera were used to obtain comparisons of total 

PL intensity. Four 30W lasers with diffusers were used to evenly illuminate 

the samples.   

Link back to main text Pg. 60: Photoluminescence Background 

Measurements of laser power were performed to find injection conditions when 

operated at the default 532 nm and 1064 nm.  90% absorption depth is 140 nm for the 

532 nm excitation and ~680 nm for 1064 nm operation. 

The laser had not been previously operated at 1064 nm and therefore a number 

modifications and calibrations were performed to allow consistent operation.  Two 1100 

nm long-pass filters were found to be needed to prevent 1064nm laser reflections and 

were installed right in front of the detector.  Additional strong reflections were found at 

1330 nm and were blocked by an 1100 short-pass filter installed in front of the laser 

(before the sample). The measured laser power numbers are shown in chart below.  

 

C.2 Photoluminescence Spectra Power Calibrations 
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Figure C-2: Power calibration for PL spectra tool. Incident laser power and calculated 

max e-h pair density as a function of neutral density filter wheel position 

for PL spectra. 

Link back to main text Pg. 60: Photoluminescence Background 

A separate room-temperature PL image setup with an 808 nm laser (1.53 eV) 

and InGaAs camera were used to obtain comparisons of total PL intensity. Four 30W 

lasers with diffusers were used to evenly illuminate the samples.   

Injection conditions had not been previously characterized so light intensities 

were characterized with a power meter as a function of distance and laser power. At full 

laser power using assumptions below, an e-h pair density of ~3x1016 was calculated.  

Assumptions: 

 Laser + diffuser 3 inches from the sample and at 45 degree angle 

 Laser operated at 30 W (15 W operation used in much of the work is 

~1/2 carrier e-h pairs) 

 Carrier lifetimes of 10ns (this is upper limit) 

C.3 Photoluminescence Imaging 
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 Light evenly absorbed in top 560 nm (~ point of 90% absorption for 808 

nm) 

 No other electronic losses (every photon creates a e-h pair) 

 

 
Figure C-3: Power calibrations for PL image tool. Measured power as a function of 

applied power for 1 laser at zero distance, and calculated e-h pairs for typical 

measurement (all 4 lasers, 45 degrees, 3 inches away) 
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CALCULATION OF EQUILBRIUM DEFECT CONCENTRATIONS FOR 

QUENCH / SLOW-COOL CZTSe 

Link back to main text Section: Temperature Equilibria, Pg. 95 

Concentration of point defects can be predicted from thermodynamics by 

Equation 4: 

 

 
[𝐷𝑒𝑓𝑒𝑐𝑡] = 𝑁𝑠𝑖𝑡𝑒𝑠 𝑔 𝑒(

−𝛥𝐻𝑑𝑒𝑓𝑒𝑐𝑡

𝐾𝑇
)
 

 

Equation 4 

 

Where Nsites is the number of potential sites for the defect, g is the degeneracy 

factor which is related to the number of electronic configurations the defect can take 

and ΔHdefect is the formation energy of the defect. For Figure 1, the ΔHdefect values from 

Chen et al. were used, taken from the edge of the CZTSe phase diagram bordering ZnSe 

and SnSe.  This should be similar to the area for efficient devices.  However, four key 

assumptions are made in the graph below. First, vibrational entropy is ignored. Second, 

samples must be at equilibrium. Third, ΔHdefect is calculated with a fixed fermi-level 

position at the valence band edge. Lastly, and most importantly, ΔHdefect does not change 

with defect concentration which means defects are isolated and do not interact (beyond 

the listed complexes). Each of these assumptions will result in an understated defect 

concentration which serves as a lower bound. 

An example of this understatement can be seen at 200˚C where [CuZn+ZnCu] 

defect pair is calculated to have a concentration of ~1x1020 /cm3 although we expect a 
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random occupation which is equivalent to 2.75x1022 /cm3. This may largely be 

explained by further defect clustering beyond the predicted charged balanced complex.  

One first principle calculations suggested the ΔHdefect of a 2nd [CuZn+ZnCu] arranged 

appropriately in a supercell will have ¼ of the cost of the first defect.  Similarly, 

[VCu+ZnCu] is suggested to interact and reduce energy costs for [CuZn+ZnCu] complexes.  

Despite the understatement of defect concentrations, the calculation can be 

provide insight into the changing point defect populations as a function of temperature 

as well as the effects of quenching. 

 

 

Figure D-1: Calculated equilibrium defect concentrations for non-interacting defects 

with assumption listed above. 
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Quenched crystals would expect to approximately freeze the defect 

concentrations of the quench temperature while slow-cooled crystals will reduce defect 

concentrations until kinetics limit further defect motion. As noted in the manuscript, the 

deep defect of highest predicted concentration in this system, [2CuZn+SnZn], is predicted 

to be reduced by a factor of 10 when quenching at 300˚C compared to formation 

temperatures of ~500˚C.  Further low temperature annealing below 300˚C may provide 

additional means of reducing this deep defect concentration –although limited by 

kinetics as well as stoichiometry. 

Additional insights, like high ratio of charged balanced defect complexes 

compared to isolated defects can also be seen in the calculation. In addition, the p-type 

nature of conduction, from high levels of CuZn and much lower levels of ZnCu can also 

be clearly seen.  A more detailed calculation should self-consistently account for the 

fermi-level changes as a function of temperature and defect concentration. However 

moving the fermi-level away from the valence band edge will exaggerate the gap 

between predicted CuZn and ZnCu by increasing the acceptor defect concentrations 

[CuZn], while decreasing donors [ZnCu]. Balanced defect complexes are not predicted to 

change. 
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MODELING PL EMISSION 

E.1 Effects of Eg-Fluctuations on PL  

Link back to main text Pg. 60: Photoluminescence Background 

The effects of bandgap fluctuations on PL were modeled following the work of 

Matthies [117].  The model assumes a Gaussian distribution of bandgaps with standard 

deviation 𝜎, laterally distributed in the film.  

A second assumption is that length-scale fluctuations in Eg is small relative to 

diffusion length, therefore carrier localization into the smaller bandgaps will occur.  The 

opposite case, of fluctuation on a large length-scale relative to diffusion length is rather 

trivial to model and involves simply a geometric average of PL from the distribution of 

bandgaps present. In the case of long-scale fluctuations or very small diffusion lengths, 

the peak energy of PL emission does not change, although the PL peak is similarly 

broadened. 

The equation for emission with bandgap fluctuations can be seen here: 

ϕ1 =
𝜋

ℎ3 ∗ 𝑐2
∗ Erfc[

𝐸
_

− 𝜖

√2 ∗ 𝜎
] ∗ 𝜖2 ∗ Exp[

−(𝜖 − 𝜇)

𝑘𝑏 ∗ 𝑇
]; 

ϕ1 is the emission, 𝜖 is energy 𝐸= 𝜎 = 𝜇 is quasi fermi-level splitting and 

T=temperature The  
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Figure D-2: Modeled PL spectra of a semiconductor with Eg = 1 eV such as CZTSe 

with varying degrees of bandgap fluctuations at room temperature 

 

Figure D-3: Calculated PL peak position and FWHM for a semiconductor of 1 eV 

such as CZTSe with varying degrees of Eg fluctuations at room 

temperature 
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h = 4.1357*10-15 ; (* eVs *) 

c = 3*108; (* m/s *) 

 = 1 ; (* eV *) 

a = 8.617*10-5; (*eV K^-1 *) 

T = 300; (* K *) 

 

μ =0.9;(* eV *) 

σ = 0.001; 

 

μ1 =0.9;(* eV *) 

σ1 = 0.025; 

 

μ2 =0.88;(* eV *) 

σ2 = 0.05; 

 

μ3 =0.8;(* eV *) 

σ3 = 0.075; 

 

ϕ1 = π/(h3*c2)*Erfc[( -ϵ)/( *σ)]*ϵ2*Exp[-(ϵ-μ)/(a*T)]; 

ϕ1n=ϕ1/MaxValue[ϕ1,ϵ>0.5,ϵ]; 

ϕ2 = π/(h3*c2)*Erfc[( -ϵ)/( *σ1)]*ϵ2*Exp[-(ϵ-
μ1)/(a*T)]; 

ϕ2n=ϕ2/MaxValue[ϕ2,ϵ>0.5,ϵ]; 

ϕ3 = π/(h3*c2)*Erfc[( -ϵ)/( *σ2)]*ϵ2*Exp[-(ϵ-
μ2)/(a*T)]; 

ϕ3n=ϕ3/MaxValue[ϕ3,ϵ>0.5,ϵ]; 

ϕ4 = π/(h3*c2)*Erfc[( -ϵ)/( *σ3)]*ϵ2*Exp[-(ϵ-
μ3)/(a*T)]; 

ϕ4n=ϕ4/MaxValue[ϕ4,ϵ>0.5,ϵ]; 
 

 

LHS1=ϵ/.FindRoot[ϕ1==MaxValue[ϕ1,ϵ>0.5,ϵ]/2,{ϵ,1.0001
}]; 

RHS1=ϵ/.FindRoot[ϕ1==MaxValue[ϕ1,ϵ>0.5,ϵ]/2,{ϵ,1.2}]; 
FWHM1=RHS1-LHS1; 

max1=FindMaximum[ϕ1,{ϵ,1.03,0.7,1.1}]; 

E

E
2

E
2

E
2

E
2

E.1.1 Code for Modeling Bandgap Fluctuations: 
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Print["ϕ1: {Y-max, x-max, FWHM}"]; 
{max1,FWHM1} 

 

 

LHS2=ϵ/.FindRoot[ϕ2==MaxValue[ϕ2,ϵ>0.5,ϵ]/2,{ϵ,0.9}] 

RHS2=ϵ/.FindRoot[ϕ2==MaxValue[ϕ2,ϵ>0.5,ϵ]/2,{ϵ,1.1}] 
FWHM2=RHS2-LHS2; 

max2=FindMaximum[ϕ2,{ϵ,1.03,0.7,1.1}]; 

Print["ϕ2: {Y-max, x-max, FWHM}"]; 
{max2,FWHM2} 

 

LHS3=ϵ/.FindRoot[ϕ3==MaxValue[ϕ3,ϵ>0.5,ϵ]/2,{ϵ,0.6}] 

RHS3=ϵ/.FindRoot[ϕ3==MaxValue[ϕ3,ϵ>0.5,ϵ]/2,{ϵ,1.0}] 
FWHM3=RHS3-LHS3; 

max3=FindMaximum[ϕ3,{ϵ,1.03,0.6,1.1}]; 

Print["ϕ3: {Y-max, x-max, FWHM}"]; 
{max3,FWHM3} 

 

LHS4=ϵ/.FindRoot[ϕ4==MaxValue[ϕ4,ϵ>0.5,ϵ]/2,{ϵ,0.55}]
; 

RHS4=ϵ/.FindRoot[ϕ4==MaxValue[ϕ4,ϵ>0.5,ϵ]/2,{ϵ,0.8}]; 
FWHM4=RHS4-LHS4; 

max4=FindMaximum[ϕ4,{ϵ,1.03,0.6,1.1}]; 

Print["ϕ4: {Y-max, x-max, FWHM}"]; 
{max4,FWHM4} 

 

 

Plot[{ϕ1n,ϕ2n,ϕ3n,ϕ4n},{ϵ,0.5,1.2},PlotRange-
>Full,AxesLabel->Automatic,PlotLegends-

>{"σ=1meV","σ=25meV","σ=50meV","σ=75meV"}] 

Plot[{ϕ4n},{ϵ,0.6,1.2},PlotRange->Full,AxesLabel-
>{"Energy (eV)"} ] 

Plot[{ϕ3},{ϵ,0.6,1.2},AxesLabel->Automatic] 
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E.2 Other PL Models 

Many aspects of PL were examined, but were not able to be included in this 

work.  Some of these models are shown below. 

PL emission from defects is typically quenched with increasing temperature due 

to thermalization out of the defect.  From measuring PL vs. temperature, an activation 

energy can be extracted. The PL intensity is graphed as a function of temperature for 

defects of different energy levels below. Equation from textbook: Wide Bandgap 

Photovoltaics [51] 

 

Ipldefect =
1

1 + 𝑎 ∗ 𝑒
−Ea

kb∗x1

 

 

Figure D-4: PL intensity quenching for defect related PL emission as a function of 

temperature. 

PL intensity for band-band emission is shown below for various temperatures.  

At higher temperatures PL intensity increases, the PL peak slightly increases as shown 

in the table (assuming fixed Eg), and the tail at high energy increases significantly. In 

E.2.1 Change in PL Intensity with Temperature for Defect-related Transitions 

E.2.2 PL Intensity for Band-Band Emission as a Function of Temperature 
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reality, competing non-radiative recombination processes result in generally lower PL 

intensity at higher temperatures. This is due to temperature dependence of defect cross-

section.  

Equation from textbook: Wide Bandgap Photovoltaics [51] 

Ipl = (En − Eg)
1
2𝑒

−(En−Eg)
kbT ; 

 

Figure D-5: PL spectra and shape as a function of temperature for band-band emission 

in ideal semiconductor with Eg = 1 eV 

Table D-1: Modeled PL peak energy and PL rate from band to band emission 

Temp 
(K) 

Peak 
Energy 

(eV) 
Normalized 

PL Rate 

400 1.0172 115% 

300 1.0129 100% 

200 1.0086 82% 

100 1.0043 58% 

50 1.0022 41% 

5 1.0002 13% 
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Link back to main text Pg. 133 

 

Unlike the single crystal results, PL image intensity obtained with an 808 nm 

laser was 2x higher for near stoichiometric samples. This is explained by the presence 

of the CdS junction. Cu-poor samples have lower carrier concentrations, and therefore 

longer depletion regions. This means the PL spectra will be quenched to a larger extent 

by carrier separation which occurs for carriers absorbing in or near the depletion region.   

One option to reduce the effects of carrier separation on PL is to increase power.  

Since PL probability is related to the product of holes and electrons, n*p, (which is 

intensity squared), increasing laser intensity will therefore increase the radiative 

component of recombination more than drift from the space charge region [170].  

E.3 PL Intensities for Cu-poor and Near-Stoichiometric Thin Films 
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MODELING XRD OF AZTSe 

Link back to main text Pg. 150 

One of the largest motivations for AZTSe is a potential reduction in bandtailing 

due to reduced cation disorder.  The larger differential in atomic radius from Ag and Zn 

cations (atomic radius of Cu=145 pm, Zn=142 pm, while Ag= 165 pm), gives an 

intuitive explanation for why less Ag-Zn antisites defects would be expected, however 

this has not been confirmed.  The size of these bandtails can be probed by both emission 

and absorption measurements, but direct characterization of Ag-Zn anti-sites quantities 

would be desirable.   XRD provides one method to examine atomic locations, occupancy 

and lattice defects.  As was discussed for CZTSe, XRD can be used to detect a change 

in lattice constant for the c-axis which occurs with high quantities of Cu-Zn defects but 

even random Cu-Zn ordering provides minimal changes in absolute intensity of XRD 

pattern due to similar scattering factor for Cu and Zn.  For AZTSe, the difference in 

scattering factor between Ag and Zn is somewhat larger (incoming x-rays are scattered 

by electrons and Ag has an additional 17 electrons).  This means changes in cation 

ordering, and the presence or absence of Ag-Zn defects may be able to be determined 

through XRD.  In addition, the related challenges of determining stannite vs. kesterite 

crystal structure may be resolvable in the AZTSe system.  Very few references exists 

on AZTSe crystal structure and defects but both first principle calculations and powder 

 

F.1 Crystal Structure of AZTSe 
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refinement suggest kesterite structure is preferred [150], [171]. The cation ordering in 

AZTSe has not previously been reported. 

 

 

 

 

Figure F-1: Atomic models of AZTSe.  Top to bottom: kesterite, stannite, and 

disordered kesterite (random occupancy of 2a and 2c site)  

Theoretical XRD models were calculated for AZTSe as a function of crystal 

structure and cation orderings in order to provide basis for future Rietveld refinements, 
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as well as to determine what changes can be concluded when qualitatively examining 

XRD patterns for thin films.  The latter point is critical for the larger community, as the 

vast majority of researchers often lack the tools or time for proper crystal structure 

refinement.   

Lattice parameters and anion displacement24 from Gong et al. were used for the 

basis of theoretical patterns. Changes in lattice parameters will only result in changes in 

peak position which doesn’t affect the basis of the comparison below.  It is also likely 

that changes from kesterite to stannite, or the presence of large number of Ag-Zn 

antisites may additionally change lattice parameters as was shown for CZTSe. However 

this mechanism is harder to predict quantitatively on a theoretical basis and 

consequently the worst case hardest case for differentiation of patterns is assumed with 

no change in lattice parameter based on cation arrangement. 

 

The theoretical models for stannite and kesterite are plotted in Figure F-.  

Standard instrument broadening (FWHM=0.1deg) and peaks from Cu-k-alpha2 peaks 

were applied to simulate expected XRD measurements.  In a powder the intensity ratios 

between peaks should be equal to the modeled pattern although there is the potential for 

changes of intensity due to non-random powder orientation, instrumental effects and 

sample thin-ness. These effects can be negated with proper powder preparation and by 

                                                 

 
24 Changes in anion displacement were also varied from the literature values (x = 

0.251, y = 0.23, z = 0.128), ranging from no displacement to anion values found for 

CZTSe and mainly small changes in intensity were noted. The largest change was 

noted in the 101 peat with an increase of up to 0.7% absolute. 

F.1.1 Separating Stannite and Kesterite in AZTSe by XRD 
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examining peaks at similar diffraction angle.  Differences in intensity can be seen 

throughout the pattern (plotted in blue) with up to 2.4% absolute change in intensity for 

the (204) peak however this change will likely not be detectable in qualitative 

examination since it represents a 3% relative intensity change in a large peak. The best 

peaks for identifying stannite and kesterite can be found at low angles.  The lower half 

of Figure F- highlights the lower angle peaks of interest.  The (101), (200), and (202) 

peaks represent the best chance for determining stannite or kesterite crystal structure.  

For powders, 3 key criteria that can be qualitatively examined: 

1. I(002) > 2x I(101) for kesterite but I(002) <  I(101) for kesterite. 

2. I(200) increases by ~2x for stannite 

3. I(202) does not appear for stannite. 

The 3rd point is likely the most critical for separation of crystal structures. The 

presence of a peak at 33.6 (202) uniquely identifies the kesterite phase. Thin films can 

be more difficult to identify due to the potential for preferred orientation however the 

presence of the (202) peak will still identify kesterite structure in a thin film. The 

absence of this peak however doesn’t necessarily rule out kesterite. The intensity 

changes in points 1 and 2 can be helpful in the identification of stannite can likely be 

helpful in separation of kesterite an stannite thin films although they cannot prove either 

crystal structure due to the potential for preferential orientation on the chosen peaks. 
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Figure F-2 Simulated XRD profiles of kesterite (red) and stannite (green). The 

intensity axis is zoomed in to 12.5% to better show differences between 

small peaks. The difference between patterns, stannite - kesterite, is 

plotted in blue.  
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In the ordered kesterite structure the Cu sits on the 2a and 2c sites while Zn sits 

on the 2d site and Sn on 2b.  The cations planes repeat with Cu+Sn (2a+2b) followed 

by Cu+Zn (2c+2d) in an alternating sequence.  When the lattice is disordered the Cu-

Zn (2c+2d) plane is found to have random occupancy, while Cu on the 2a lattice position 

predominantly remains on the correct site.  For the case of Ag the same occupancy is 

expected, and increasing amounts of antisites on the 2c-2d plane were modeled.  Figure 

F- shows the entire XRD pattern as a function of Zn occupancy while key regions of 

differentiation are highlighted below. 

 

 

F.1.2 Identifying Ag-Zn Antisites in AZTSe by XRD 
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Figure F-3: Modeled XRD pattern for AZTSe as a function of Ag-Zn order. Bottom 

panels highlights the critical regions of differentiation 

Ag-Zn anti-sites provide only small changes throughout the pattern similar to 

the situation for kesterite vs. stannite. The largest changes can be seen in the (101), 

(103), and (121) peaks. Three key areas of differentiation are: 

1. The 103 peak almost disappears from 1.2% absolute intensity for ordered 

to ~0.2% absolute intensity for fully disordered –relative to nearby [200] 

peak which is fixed. 
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2. The 121 peak decreases from ~2.1% to ~0.9% absolute for the ordered 

and disordered case respectively while neighboring 202 peak is fixed. 

3. The 101 peak reduces significantly with mild amounts of disorder from 

0.6% to less than .06% between 25-37.5% antisites occupancy and then 

increases to 0.25% for full disorder (50% antisites occupancy) which can 

be compared to neighboring 002 peak. 

Despite large changes in relative intensity, the absolute intensity changes are 

small and therefore would require detailed fine scans with long dwell times in the noted 

areas to quantify disorder. As previously noted, the clues above may provide some 

qualitative insight for thin films, the potential for orientation complicates analysis and 

makes explicit determination of ordering unlikely.  

It may be expected that additional changes in lattice expansion may occur with 

increasing antisites density which would add to the ability to distinguish between 

ordered and disordered AZTSe phases (as well as kesterite vs. stannite).   

To determine both crystal structure and cation ordering in the AZTSe system by 

peak intensity requires relatively fine XRD scans and more conclusive evidence can be 

drawn with non-oriented powders.  Despite the challenges, the XRD analysis is much 

improved compared to the case of Cu-Zn ordering in CZTSe which has almost zero 

change in XRD intensity. The same analysis was performed for CZTSe and the 

differences in peak height are hard to see graphically.  The largest change was less than 

0.1% absolute intensity for fully disordered Cu-Zn lattice on 2a-2c sites. Similarly, the 

largest change for kesterite – stannite (assuming no change in anion displacement) is 

0.24% absolute intensity. In the best cases this results in ~20% relative change in the 

height of very minor peaks which makes definitive determination via XRD unlikely.   
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MODELING XRD OF VCu IN CZTSe 

G.1 Cu-vacancies in CZTSe Determined by XRD  

A key feature in CZTSe is the Cu-poor nature of highly efficient solar cells.  

Champion device efficiencies have typically had Cu/Zn+Sn ratios of approximately 0.8 

which is equivalent to ~20% deficiency in Cu. This deficiency is likely to lead to high 

numbers of VCu. Despite strong deviations from stoichiometry, few reports have 

provided a direct measurement of vacancies and anti-site defects.  Limited neutron 

diffraction data has provided the backbone for most assumptions about the presence and 

structural location of defects.  The lack of XRD data is likely due to the challenging 

phase purity combined with the difficulties separating Cu and Zn due to similar 

scattering factors as was mentioned above. Despite the challenges, the main 

stoichiometric feature of CZTSe, strong Cu-poor nature, can in fact be examined by 

XRD.  To examine this CZTSe patterns were simulated as a function of VCu 

concentration and structural position.  

Cu in the ordered kesterite CZTSe structure exists on two separate atomic sites. 

The Cu-Sn plane is the 2a site, while the Cu-Zn plane is the 2c site (analogous to AZTSe 

seen in Figure F-).  Two separate series of models were created.  In the first, Figure G-, 

XRD patterns were modeled with increasing VCu from 0-30%, split evenly on the 2a 

and 2c sites. 

In the second series (Figure G-), the location of the VCu was varied from the 2a, 

2c, or split evenly on both sites for a fixed VCu=20% and compared to a reference 
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stoichiometric pattern. VCu=20% was chosen since this is near the highly Cu-deficient 

composition of champion cells.  

Certain assumptions have to be made for comparison sake.  Lattice size was held 

constant although it is likely that there would be decrease in lattice size with increasing 

VCu. This fact may aid separation between patterns further.  Also the anti-site 

substitutions were ignored.  It is likely that the Cu deficiency is made up of a 

combination of VCu as well as ZnCu and SnCu. As discussed, ZnCu will be equivalent to 

reductions in VCu (since Zn is essentially indistinguishable from Cu in XRD).  SnCu will 

occur in lower numbers than ZnCu due to chosen Zn rich composition and large changes 

in atomic size and valence between Sn and Cu. For the above reasons, SnCu were not 

modeled in the comparisons below.  

 

 

Figure G-1: Modeled XRD pattern for CZTSe as function of VCu concentration located 

equally at 2a and 2c sites. 
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Figure G-2: Modeled XRD pattern for CZTSe as function of VCu position for fixed 

20% VCu 

 

Figure G-3: Key peak changes for modeled XRD pattern for CZTSe as function of VCu 

position for fixed 20% VCu 
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Similar to the situation for determining the cation location in AZTSe, the best 

peaks for separation of VCu location are at low angles.  The (101) peak is the largest 

change in intensity and increases strongly for increasing quantities of VCu (Figure G-). 

The location of the VCu also strongly affects the (101) peak (Figure Error! Reference 

source not found.).  The VCu@2a provides the largest increase in (101) intensity while 

neighboring peaks like the (002) have the opposite trend with decreasing intensity with 

VCu@2a and increasing intensity at VCu@2c.  The ratios of these neighboring peaks 

should provide a method for determining locations of VCu in the kesterite structure.  

These models would best be used as alternate structures in a Rietveld refinement. 

It is worth re-emphasizing that typical samples with 0.8 = Cu/Zn+Sn likely do 

not translate to modeled 20% VCu concentration as is expected from the 20% Cu 

deficiency.  Increasing ZnCu and to a smaller extent other compensating antisites likely 

reduce the quantity of VCu. The presented models therefore represent an upper bound 

for changes in XRD pattern and the analysis might be improved by pairing with accurate 

measurements of composition. 
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THIN FILM DEPOSITION 

Significant efforts were undertaken to improve evaporation repeatability and 

uniformity through modified source design and modified substrate heating. These are 

discussed below. 

Link back to main text Pg. 178 

Zn sublimes easily and required effusion rates are achieved at ~320˚C, which is 

100˚C below the melt. Zn nuggets are loaded as source material and as deposition 

progresses, the nugget surface area changes through both shrinkage and sintering. This 

causes drift in the effusion rate and curtails repeatability and the ability to do controlled 

experiments.   

 In order to improve effusion repeatability, the Zn source design was modified 

to limit effusion through a rate controlling nozzle with effusion rates calculated by an 

effusion model. The new source design as well as the predicted effusion rate as a 

function of rate-restriction nozzle radius are shown below.  The Mathematica code for 

the effusion model is given below for future reference. 

 

 

H.1 Zn Source Design and Effusion Modeling 
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Figure H-1: Source design for Zn bottle and new modification to allow operation 

above Zn melt 

 

Figure H-2: Modeled Zn effusion rates for normal source and proposed rate-restricting 

source designs 
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(* Effusion and Vapor pressure calculations Cu, Zn and Sn 

(liquid state) *) 

  

 (* CONSTANTS *) 

 MCu=63.546*^-3; 

 MZn=65.38*^-3; 

 MSn=118.71*^-3; 

 MSe=78.96*^-3; 

 R= 8.314; (* gas constant [J/K*mol]*) 

 P2=1*^-5*133; (* pressure [Pa] outside of source nozzle 

(i.e. bell jar) during operation *) 

  

 (*Source geometry Constants*) 

 ΓNaF=0.0762*^-2;(* [m] --> .052in (originally .03 in, 

but drilled out *) 

 ΓSe=0.23876*^-2;(* [m] -->.094in *) 

 ΓReg=.40386*^-2;(* [m] rad = .159in *) 

 lNaF=.635*^-2;(* [m] --> *) 

 lSe=1.03*^-2;(* .406in height *) 

 lReg=.635*^-2;(* .25 in height *) 

 SANaF=.5857*^-4;(* [(m^2)] --> .17in rad*) 

 SASe=2.850*^-4;(* [(m^2)] --> .375in rad*) 

 SAReg=1.267*^-4;(* [(m^2)] -->.25in rad *) 

  

 ZINC 

 (* Source material *) 

 M= MZn;(*molar mass (Zn) *) 

 Tc= 470;(*temperature of element evap [C] *) 

 T=Tc+273 

  

 "Vapor pressure of Zn(l)[Pa] @T[°C]" 

 ee=-6.676; 

 ff=-1.27; 

 gg=9.564; 

 Psat= 10^((ee*1000/T)+ff*Log[10,T]+gg)*750.0675*133  (* 

[Pa] calculation of vapor pressure based on temp *) 

  

 (* Source Geometry *) 

 l= lNaF; (* height of source nozzle [m] (from top 

interior of bottle), .25in *) 

 Γ=ΓNaF;(* radius of source nozzle [m], dia=.03in--> 

.0762cm *) 

 SAmelt = SANaF;(* surface area of melt [m](.34 in dia --

> .4318cm radius) *) 
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 "Nozzle length/radius (needs to be > 1.5)" 

 l/Γ 

  

 (* PART 1: NaF bottle effusion constant K calculations 

*) 

 (*for l/Γ > 1.5 use equation below, in Se source, l/Γ=8, 

in NaF source l/Γ=16.7 *) 

 "Effusion constant" 

 k=(1+(.4*l)/Γ)/(1+.95*l/Γ+.15*(l/Γ)2)  (* constant 

related to flow regime *) 

  

 (* Net mass rate of evap from surface, P1 = effective 

pressure above source *) 

 Fevap= 1/(4 R T ) (8 R T / π M)1/2 (Psat-P1) SAmelt*M ; 

 (* for flow regime with Kn=λ/Γ > 1 use eqt below: *) 

  

 Feff=π Γ2 k (M/(2 π R T))1/2 (P1-P2); (* mass flow rate 

through nozzle [g/sec?] *) 

 "Pressure inside bottle and effective evaporation rate 

(kg/sec?)" 

 Solve[F==1/(4 R T )(8 R T / π M)1/2 (Psat-P1) SAmelt*M  

==π Γ2 k (M/(2 π R T))1/2 (P1-P2),{P1,F}] 

 

Composition, and therefore electronic properties were found to be sensitive to 

growth temperature.  Composition has an almost step-function change at critical 

temperatures of ~520˚C for our depositions and therefore lower temperatures or strong 

temperature uniformity are required. The system was further modified so growth 

temperatures could be mapped and logged across the nine 1x1in substrates during 

growth. Improved uniformity and temperature control was investigated via modified 

substrate holders and the addition of heat-spreaders. Improved uniformities were 

ultimately achieved.  
 

H.2 Substrate Temperature Uniformity 
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Figure H-3: Depiction of thermocouple position for measuring substrate temperatures. 

 

Figure H-4: Temperature uniformity mapped across thin film substrates and resulting 

composition. Worst case; quartz substrate holder, and best case: metal 

substrate holder + graphite heat spreader. 
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