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With the advent of increasing solar energy production worldwide, there exists 

concern over raw material availability for photovoltaic materials. The Cu2ZnSn(S,Se)4 

kesterite system (CZTSSe) has achieved the highest efficiency for solar cells among 

inorganic, Earth-abundant thin-film materials. This achievement is undercut by a 

significant underperformance in open circuit voltage (VOC) caused by band tail states 

and high levels of poorly understood defects which have caused a bottleneck in the 

path towards commercialization. This dissertation focuses on single-crystalline 

materials to explore select performance-limiting phenomena in the absence of the 

convoluting secondary effects that exist in thin-films.   

High-purity, single-crystalline materials with millimeter size scales are 

obtained via a solid-state ampoule-based growth method. Precursor selection and 

process optimization for large, uniform crystals is discussed. Small-scale photovoltaic 

devices with state-of-the-art voltages are fabricated on these single-crystalline 

absorbers. The device response to interface processing at the pn-junction is 

investigated by means of chemical treatment including a chemical-mechanical 

polishing step unique to single-crystal absorber materials. Thermally-evaporated ZnSe 

passivation layers are explored as well, leading to improvements in overall device 

performance for crystals with particularly high copper content. 

 Device performance as a function of crystal cation composition is explored, 

verifying the commonly observed negative correlation between copper content and 

open-circuit voltage (VOC). Low copper densities are achieved via the quasi-
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equilibrium growth process, enabling state-of-the-art VOCôs near 450 mV. Voltages are 

further improved via thermal treatments leading to a record 506 mV open-circuit 

voltage. These improvements are investigated further via photoluminescence and 

admittance spectroscopy.  

 Finally, cation alloying of copper with silver in CZTSe is explored as a means 

of improving the defect landscape, and thus overall device performance. Ag/Group I 

ratios ranging between 0% and 30% are investigated. Fluence and temperature 

dependent photoluminescence spectra taken for a range of Ag alloying exhibit a more 

complex luminescence response than the pure copper counterparts. Finally, single-

crystalline silver alloyed CZTSe devices are analyzed, demonstrating unoptimized 

VOCôs near 430 mV. 
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PROGRESS AND STATUS OF KESTERITE PHOTOVOLTAICS  

1.1 Kesterite Cu2ZnSn(S,Se)4 Material System 

Interest into the Cu2ZnSn(S,Se)4 (commonly referred to as CZTSSe) crystal 

system arose in the context of solar energy conversion as a natural extension of 

CuInSe2 semiconductors via the replacement of indium with group-II and IV 

elements1. CZTSSe has been shown to take on the kesterite (Ὅτ) crystal structure at 

terrestrial photovoltaic operating conditions, having a lower formation energy than the 

competing stannite (Ὅτςά) structure by nearly 0.05 eV2. The degree of anion alloying 

determines the lattice parameters; for pure sulfur (selenium) compositions, a = 5.43Å 

(5.68 Å) and c = 10.84 Å (11.34 Å) 1. The crystal unit cell may be broken down into 

atomic cation layers along the z-axis consisting of specific elemental species. The z = 

0 and z = ½ plane consist of Cu-Sn atoms, each 180 degrees out of phase with the 

other. Similarly, the z = ¼ and ¾ planes are populated by Cu-Zn atoms (Figure 1a). 

The CZTSSe band structure is optimal for photovoltaics as it is a direct 

bandgap semiconductor with a tunable magnitude between 0.95 eV and 1.45 eV with 

increasing sulfur incorporation1. The absorption coefficient (104-105 cm-1) is relatively 

high compared to silicon (103-104 cm-1), making it a desirable material for thin-film 

photovoltaics3. Figure 2a shows the absorption coefficient measured on both thin-films 

and pure-selenide, single-crystalline CZTSe. Little variation was observed between 

specimen with Cu/(Zn+Sn) ratios ranging from 0.82 to 1.22 for the single-crystalline 
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Figure 1:  a) Kesterite crystal structure of Cu2ZnSn(S,Se)4. b) Phase stability 

diagram for CZTS showing competitive binary and ternary phases 

comprised of its constituent elemental species. The small circular region 

in the center illustrates the relatively small phase stability region for the 

quaternary species  

material4. Density functional theory has separated the contributions to both the 

conduction band minimum (CBM) and valence band maximum (VBM). The latter 

arises from the antibonding state of Cu 3d and Se 3p orbitals while the former is from 

the antibonding state of the Sn 5s and Se 3p orbitals (see Figure 2b)5,6. This fact 

becomes important when considering various compositions of the material which 

deviate from stoichiometry. It has been demonstrated that the relative Cu/(Zn+Sn) and 

Zn/Sn ratios prove to be important metrics in determining photovoltaic device 

performance. Specifically, there is a general consensus that low values for the first 

fraction, paired with high values of the latter lead to the highest solar cell efficiencies7. 
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Figure 2: a) Absorption coefficient measured via spectroscopic ellipsometry on a 

single-crystal specimen of CZTSe. b) Calculated band structure of CZTS 

via density functional theory (DFT) indicating the elemental 

contributions to each primary band taken from Chen et al. 6 

Pure quaternary phase CZTSSe growth is complicated by the formation of 

undesired secondary phases based on binary and ternary compounds of the constituent 

elements. This is further complicated by the desire of off-stoichiometric compounds. 

The competition between the ideal phase and these secondary phases has proven to be 

a challenge for film deposition. Figure 1b illustrates the predominant secondary phases 

in the pure sulfide system. CZTS (and CZTSe) formation is seen to be stable only 

within a narrow compositional window 8. Elemental sputtering and evaporation of 

pure CZTS or elemental metal stacks for subsequent sulfurization have been employed 

for film growth. Zinc, tin and chalcogen loss due to evaporation have proven to be an 

additional challenge for these vacuum deposition approaches, especially at 

temperatures greater than 375ęC (pure Se at 10-6 mbar)9. Electrodeposition and ink-

based approaches have been studied as well. Despite their departure from vacuum, 

these methods also suffer from secondary phase formation.  
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Figure 3: a) Compilation of pure selenide thin-film carrier densities measured by 

the Hall effect taken from various literature sources.10,11,12 b) Carrier 

mobilities measured alongside the densities in a). 

Cu2ZnSn(S,Se)4 material has only ever been observed to demonstrate p-type 

conductivity. Thin-films have been reported to have Hall carrier densities ranging 

between 2 × 1017 to > 5 × 1019 cm-3. Furthermore, the carrier mobilities measured for 

films lay in the range of 0.1 ï 50 cm2/Vs, which is comparable to other high 

performing thin-film solar cells3. Figure 3 compiles the carrier densities and mobilities 

of thin-film CZTSe materials measured via the Hall effect.10,11,12 No clear trend exists 

with copper content, although a slight negative correlation exists for carrier densities, 

whereas a slight improvement in mobility is observed with increasing copper. The 

non-equilibrium nature of thin-film growth, paired with the narrow phase space of 

CZTSSe, leads to secondary phase impurities in kesterite films. As one example, Patil 

et al. grew CZTSe films using electron beam evaporated compound precursors, 

0.6 0.8 1.0 1.2
0.1

1

10

H
a
ll 

M
o

b
ili

ty
 (

c
m

2
/V

s
)

Cu/Zn+Sn

0.6 0.8 1.0 1.2
1016

1017

1018

1019

1020

H
a
ll
 C

a
rr

ie
r 

D
e
n

s
it
y
 (

c
m

3
)

Cu/Zn+Sn

a) b)



 

 

5 

followed by the a high-temperature selenization step12. A prevalence of Cu2Se at high-

temperature was observed, whereas lower-temperature selenization produced ZnSe 

incorporation. Impure CZTSSe phases thus have convoluting factors in the 

determination of trends electrical properties.  

1.2 Cu2ZnSn(S,Se)4 Based Photovoltaic Device Performance 

This section will focus on summarizing the innovations and limiting factors of 

these kesterite-based solar cell devices. As discussed in Section 1.1, Phase control has 

proven to be a challenging aspect in growing high-quality material and is thus a 

hindrance for device fabrication. As a result, many innovations resulting in device 

improvements involve a change in CZTSSe deposition techniques. The first CZTS-

based device of appreciable efficiency (0.6%) was fabricated in 1996 on pure-sulfide 

CZTS grown by evaporation of Cu/Sn/Zn precursor layers13. A metal precursor film 

was sulfurized at 500ęC in 5% H2S with an N2 carrying gas. Chemical bath deposition 

was used to deposit a cadmium sulfide (CdS) buffer layer at a temperature of 60ęC. 

Subsequent deposition of a Zinc Oxide (ZnO) window layer was carried out via RF 

sputtering. An aluminum grid was utilized as a top contact. All the record efficiency 

cells to-date have been adapted from this general device structure (see Figure 4). For a 

brief introduction to general solar cell functionality and performance parameters, refer 

to Appendix A. 

Early improvements in CZTSSe devices involved materials grown by vacuum 

evaporation and sputtering with subsequent sulfurization/selenization of metal 

precursor films3. Notable improvements in VOC have been achieved through precursor  
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Figure 4: Progress of pure-Cu, thin-film kesterite-based photovoltaic devices over 

the past two decades. A steady increase occurred between 1996 and 2014 

which has stagnated in the years following.13ï15  

selection and thickness optimization of both the absorber and buffer layers. Sodium 

has been shown to effect JSC dramatically with improvements as high as 50% upon the  

introduction of a Na2S layer addition between the back contact and absorber. 

Furthermore, the literature reveals that devices require Cu-poor, Zn-rich absorbers to 

obtain efficiencies in excess 5%.  

Because of the volatility of elemental and secondary phases, the field began to 

favor non-vacuum based techniques. The highest efficiency devices to-date are 

fabricated with a hydrazine ink-based solution deposition of the absorber layer. The 

technique was introduced by Todorov et al. who achieved a state-of-the-art device of 

9.77% in 2010 by utilizing a mixed Se-S anion material15. The alloying of the sulfide 

with selenium allows for bandgap variation between 0.98 and 1.5 eV. This group 

continued to make advances in device efficiency through the variation of bandgap and 

secondary phase suppression15,16. As a result, they achieved the highest efficiency 
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CZTSSe device with a bandgap of 1.13eV and an efficiency of 12.6%. Device 

efficiency has not surpassed this limit since it was reported in 2014. 

Further insight into the progress and limiting factors of CZTSSe is gained by 

the observed device improvement brought by Cu-poor, Zn-rich absorber material. 

Katagiri et al. preformed a systematic analysis on thin-film pure-sulfide CZTS to 

pinpoint a compositional regime for optimal photovoltaic efficiency (Figure 5)13. 

These results obtained are consistent with the high-efficiency devices summarized 

above. The drive to obtain material within this range not only poses problems from 

phase purity during material growth but also from the standpoint of other non-

idealities. Grain growth has been shown to decrease with the depletion of Cu, creating 

a tradeoff between grain-size and device performance3. Additionally, non-

stoichiometric effects further complicate the defect structure. The nature and 

characteristics of the defect species in the kesterite system will be further discussed in 

Section 1.3. 

Device performance has reached a roadblock, plateauing in 2014 at a 

maximum achieved efficiency of 12.6% (Figure 4)15. A hybrid ink-based approach 

was used to spin-coat the absorber CZTSSe film, whereby a Cu-Sn chalcogenide 

solution in hydrazine (N2H4) with dispersible Zn based chalcogenide particles 

constituted the precursor. Subsequent high-temperature annealing (540ęC) reacted the 

precursors and resulted in large grained films17. Resulting films consisted of a S/S+Se 

ratio resulting in a bandgap of 1.13 eV, near the ideal gap for maximum for solar cell 

performance of 1.3 eV18. The films were also grown in the Cu-poor, Zn-rich regime 

with desired rations of Cu/Zn+Sn = 0.8 an Zn/Sn = 1.2. Figure 6 compares the state-

of-the-art device to the theoretical maximum performance (Schockley-Queisser Limit)  
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Figure 5: Composition map of films grown by Katagiri et. al. through the Cu-Zn 

phase space with efficiency of corresponding photovoltaic devices shown 

in greyscale.13 This study highlights the importance of a Cu-poor, Zn-rich 

absorber in the performance of solar cells, optimized around Cu/(Zn+Sn) 

å 1.25 and Zn/Sn å 0.85. 

for a solar cell with a bandgap of 1.13 eV. A clear discrepancy in the voltage axis is 

observed, indicating the open-circuit voltage (VOC) as the main limiting factor in 

overall performance. 

The group at IBM who fabricated this 12.6% device put forth several factors 

which appear to limit the performance of this cell. Based on capacitance data, paired 

with VOC(T) extrapolations, the IBM group concluded that interface defects remain a  



 

 

9 

 

Figure 6: A comparison of the JV curves for the efficiency record-holding thin-

film CZTSe19 and CZTSSe15 devices (blue) with their theoretical limit 

dictated by the absorber bandgap(gold). The voltage deficit between the 

experimental and theoretical curves is shown to be the limiting factor in 

performance. 

voltage limiting factor in their devices. The group places a strong emphasis on 

increased understanding of bulk and surface defects to achieve higher efficiencies. 

Height et. al have shown that the CZTSSe/CdS interface forms a conduction band 

spike, which is favorable for reducing interface recombination16. They report however 

that the spike is relatively high, which is a current density-limiting feature. There does 

not exist a consensus on this matter however as other groups report an unfavorable 

conduction band cliff20. This scenario leads to an effective bandgap narrowing due to 

interface recombination. Furthermore, lattice mismatch between hexagonal CdS and 
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tetragonal CZTSe (2.4%) and CZTS (7%) promote the formation of device-limiting 

interface defects21,22. It follows that surface passivation and junction formation 

improvements are needed to overcome efficiency limitations. Wang et al. further 

predict that an efficiency increase of 0.7% may be achieved with an improvement in 

diffusion length to 2 ɛm15. This brings attention to improvement of bulk defects. The 

large variety of elements that coexist within the CZTSSe crystal lattice enables the 

possibility of many point defect species and defect complexes (see Section 1.3). 

The current record holder for pure-selenide CZTSe was also fabricated at IBM 

by Lee et al. with an 11.6% efficiency19. These films were grown in a vacuum co-

evaporation method from elemental Knudsen sources onto a NaF layer at 150ęC. Films 

were then recrystallized at å 590ęC in a selenium atmosphere. The Cu/(Zn+Sn) and 

Zn/Sn ratios of the resulting material were 0.85 and 1.04 respectively. Performance 

improvements in these devices were primarily attributed to the high minority carrier 

diffusion lengths of 2.1 ɛm, resulting from high minority carrier mobilities. Figure 6 

displays the JV-Curves for this device compared to the Shockley-Queisser limit for a 

0.98 eV bandgap semiconductor. Bulk defects again were concluded to be a major 

limiting factor in these devices through the induction of band fluctuations on the order 

of 70 meV. 

1.3 Predominant Point-Defect Species and Defect Clusters 

The numerous atomic species within the CZTSSe system provide routes to the 

formation of many intrinsic defects. These include vacancies of each species VA, 

antisite defects AB and interstitial atoms Ai, where A and B represent an atomic 

element. Defect formation and subsequent ionization lead to charged impurities, that 



 

 

11 

act as carrier sources (donor or acceptor) as well as recombination channels. The 

concentration of a particular defect follows the relationship given in Equation (1) 

where c is the concentration, Ŭ and q are the species and charge state of a defect, NSites 

represents the number of available formation sites, gq a degeneracy factor, kBT the 

thermal energy and ȹH is the enthalpy of formation. 

 ὧ‌ȟή  ὔ ὫὩ
Ў ȟ

 (1) 

The enthalpy of formation is determined by the environment and state of the 

crystal. Specifically, the chemical potential of the compoundôs constituent elements 

and the Fermi level for charge carriers in the bandgap. The former being governed by 

the availability of a particular element and the latter governed by the defects already 

present in the semiconductor as well as external factors (such as temperature) that can 

liberate charge carriers from donors or acceptors. Numerous theoretical studies into 

possible defect species have been performed on the CZTSSe crystal system5,7,23. These 

studies use density functional theory (DFT) to calculate formation energies as a 

function of Fermi-level for given chemical potentials, allowing for a predication of the 

defect state for given experimental conditions. Figure 7a displays shallow energy 

levels induced by ionized point defects as calculated by Chen et al.7 The energies 

displayed in the plot are calculated for a copper-poor, zinc-rich chemical potential, 

relevant to high-performing solar cells. Conductivity in Cu-based kesterites is 

predicted to be dictated by the shallow CuZn and VCu acceptors, whose low formation 

energies explain the dominance of p-type conductivity in the system. As the chemical 

potential of copper decreases from stoichiometric to Cu-poor, the dominant donor 

shifts from the antisite defect to the vacancy. This behavior is predicted to cause a 

local minimum in hole concentration as Cu density decreases. 
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Figure 7: a) Shallow defect species and the defect levels that they introduce into 

the forbidden gap. b) Predicted bandgap shifts introduced by donor-

acceptor defect pairs with the (+) charged defect in the pair displayed 

above its corresponding (-) charged partner. Defects in both figures are 

displayed with increasing formation energy from left to right. All defect 

energies shown were calculated by Chen et al.7 via density functional 

theory. 

Additional deep-level defects are predicted which contribute heavily to 

decreasing free-carrier lifetimes in semiconductors which in turn limits the open-

circuit voltages of devices. Deep levels predicted for CZTSSe consist of CuSn and VSn 

acceptors as well as SnCu and VS,Se donors. Anion vacancies are predicted to be more 

readily formed in pure sulfide material, which is consistent with trends of higher 

efficiencies in pure selenide or anion alloyed compounds6. 

The large assortment of potential point-defects in CZTSSe enable the 

formation of defect clusters, a combination of two or more point-defects exhibiting 

more complex behavior. Compensated defect pairs are predicted to be the most 

common defect cluster in kesterites. These species consist of a donor and an acceptor 
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which transfer charges to each other, causing a large Coulomb attraction between the 

ionized pair. This causes their overall formation energy to be smaller than that of the 

combination of constituent elements alone. Figure 7b displays the five lowest-energy 

compensated pairs for CZTSe and CZTS. These energy levels manifest as band shifts 

as opposed to discreet energy levels as in Figure 7a as they are caused by high 

populations of defect clusters. Band edge shifts of this type differ in energy from the 

individual defects due to hybridization of energy states. 

1.4 Cation Disorder & Fluctuating Potentials 

1.4.1 Potential Fluctuations in Cu2ZnSn(S,Se)4 

An abundance of defect states close to a semiconductor bandgap can form an 

extension to the conduction and valence band density of states (DOS) which 

penetrates the forbidden gap. Commonly referred to as band-tail states, or band tails, 

these non-idealities are observed in a variety of defective materials such as amorphous 

silicon24 and organic photovoltaic materials25 and have been shown to limit the open-

circuit voltages of devices. As a complex, quaternary semiconductor with plenty of 

opportunities for defect formation, CZTSSe has also been shown to exhibit these sub-

gap states26ï30. Miller et al. were among the first groups to explore the presence of 

band-tail states in CZTSSe alloys in solution-grown15 and co-evaporated films19 

similar to those presented in their corresponding references. Using transient 

photocapacitive spectroscopy, a tracking of Urbach energies and sub-bandgap tail 

distributions as a function of S/(Se+S). Urbach energies (UE) were observed on the 

order of 13-31 meV showing a positive correlation with sulfur incorporation. 

Furthermore, a broad, Gaussian-shaped defect band roughly 0.8 eV above the valence 
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band was observed. The Miller group thus concluded that the sub-bandgap behavior 

was indicative of misconfigured lattice sites and/or strained bonds which are related to 

lattice disorder. Furthermore, the observation of increasing UE values with bandgap is 

consistent with the relative underperformance of sulfur-rich CZTSSe alloys. 

The same collaboration at IBM which achieved the 12.6% device later 

connected band-tail states in CZTSSe with the presence of spatially varying potential 

fluctuations throughout the absorber material. Using internal quantum efficiency 

measurements (IQE) paired with photoluminescence, Gokmen et al. compared models 

of bandgap fluctuations and potential fluctuations on hydrazine-deposited CZTSSe (Eg 

= 1.13 eV)27. The first model describes the absorption coefficient (Ŭ) of a direct 

bandgap semiconductor with a spatially varying bandgap. A Gaussian distribution of 

bandgaps parameterized by the standard deviation („) and mean of the spatially 

varying gap (Ὁ) is assumed. Equation (2) was used to fit absorption data (extracted 

from IQE curves) to this model, where ɤ is the incident photon energy and Eg the 

bandgap of the semiconductor. 

 ‌  θ᷿
Ѝ

 ᴐ

ᴐ
ὨὉ (2) 

Similarly, the absorption coefficient data was fit to the model describing 

potential fluctuations proposed by Shklovskii and Efros.31 In the previous model, both 

bands of the semiconductor vary in an uncorrelated manner throughout the bulk of the 

material. Potential fluctuations are characterized instead by bands which vary in 

unison (Figure 8). This model utilizes a potential fluctuation amplitude that is relevant 

to optical transitions (ɔopt) which can be related to the total charged defect density (Nt) 

and the fundamental material parameters of dielectric constant (Ůr) and the reduced 
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electron/hole mass (ά άά Ⱦά ά ). The relationships governing the 

behavior of the absorption coefficient are shown in Equations (3) and (4) 

 ‎
ᴐ

 (3) 

 ‌ θ  Ὡὼὴ
Ѝ

  ᴐ

Ⱦ

Ⱦ

 (4) 

 

Although both models fit the IQE data reasonably well, the temperature 

dependence of carrier lifetimes as measured by time-resolved photoluminescence 

spectroscopy provided evidence favoring the potential fluctuation model. Namely, a 

dramatic increase in carrier lifetime (3 orders or magnitude) at 4 K from 298 K 

indicates the need for tunneling between potential bandgap extrema, an artifact that 

would not exist in the bandgap fluctuation model (Figure 8). Resulting fits provided a 

value of ɔopt = 56.4 meV. The predominance of the ὅό ὤὲ  antisite defect was 

suspected to be the cause of these nonuniformities. 

1.4.2 Measurement of Cation Disorder 

X-ray diffraction is a common method of measuring the lattice occupancies in 

compound materials. Direct observation of the Cu-Zn antisite defect pair has proven 

difficult due to the similarity in x-ray cross-sections of the two atomic species owed to 

the isoelectronic nature of Cu+ and Zn2+ (both with atomic radii of 1.35Å)32,33. As a 

result, x-ray diffraction is not as straight-forward of a technique in this system because 

Cu and Zn sites become indistinguishable. To overcome this issue, several direct and 

indirect measurement methods have been attempted.  
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Figure 8: a) Representation of bandgap fluctuations in a highly defective 

semiconductor, band edges do not change in the same directions as each 

other. b) Depiction of the effect of potential fluctuations on the band 

edges of a semiconductor, showing the bands shift in step with each 

other. Image modified from reference 27.27 

Resonant x-ray diffraction exploits the energy dependence of a diffraction 

pattern near the absorption edge of a particular element. At the absorption edge, the 

diffraction peaks from planes containing that specific atom reduces due to atomic 

absorption in a manner allowing for elemental contrast that is not possible from 

traditional x-ray scattering. Utilizing this method, Stone et al. were able to observe the 

occupancies of lattice sites by each element directly, observing Cu-Zn disorder on the 

2c and 2d Wyckoff positions of CZTSSe films of photovoltaic quality34. The study 

looked at 1.5 micron-thick co-evaporated films of pure Selenide and 35% Sulfur 

alloying with Cu-poor, Zn-rich compositions. Similarly, neutron diffraction benefits 
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over traditional x-ray diffraction as the scattering cross-sections differ more 

dramatically between the Cu and Zn atoms, both with respective neutron scattering 

lengths of 7.718 Å and 5.680 Å35. Schorr et al. were able to observe Cu-Zn disorder on 

these lattice positions using neutron diffraction on near-stoichiometric CZTSe and 

CZTS powders. An added insight gained from this study was the effect of cooling 

rates during the growth process. A decrease from 50% Cu-Zn occupancy on the 2c and 

2d Wyckoff positions to 30% antisite occupancy occurred when slow-cooling (1ęC / 

hour) samples rather than quenching from the 750ęC growth temperature. 

Indirectly, Cu-Zn disorder has been observed using Solid-State Nuclear 

Magnetic Resonance Spectroscopy (NMR). The 65Cu and 67Zn atoms are subject to a 

quadrupolar interaction which in turn cause their NMR line shapes to depend strongly 

on site distortions and local atomic environmemts36. Using a larger variety of cation 

compositions, Choubrac et al. were able to determine that the 65Cu NMR was not very 

sensitive to composition, whereas the 119Sn NMR can be used to gauge VCu in the 

material37. Furthermore, in conjunction with Raman spectroscopy, they were able to 

determine these two NMR signatures are highly dependent on the level of Cu-Zn 

disorder in the system. A downside to this technique is the necessity of guidance from 

DFT calculations for interpretation. 

Raman spectroscopy has proven to be a crucial tool in approaching the Cu-Zn 

disorder problem in CZTSSe materials. Raman spectroscopy measures the scattering 

of light from a lattice which induces non-equilibrium vibrations (phonons) within the  
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Figure 9: a) Raman spectroscopy (785 nm excitation) on CZTS powders as a 

function of annealing and normalized to the main A mode peak. Ratios of 

the labeled peaks are used to determine the order parameter Q. b) 

Tracking Q and the FWHM of the main A peak as a function of 

annealing temperature and annealing time. The highlighted region 

indicates the order-disorder transition (TC). Figures reproduced from 

Scragg et al.38 

system. Phonons are naturally sensitive the atomic arrangement within a lattice, and 

subsequently should be sensitive to the Cu-Zn environment. Scragg et al. utilized near-

resonant Raman spectroscopy to determine an empirical order parameter from which a 

critical temperature (Tc) of Cu-Zn ordering was determined38. The order parameter Q 

was defined by the peak intensity ratio of peaks m2A to m3A (see Figure 9) which 

correspond to A-modes of vibration, modes related to the relative motion of the 

chalcogenide sublattice39. Based on the behavior of Q, the critical temperature of 

ordering was determined to be 260 ± 10ęC for the pure-sulfide compound. Scragg et 

al. suggest the reason for the change in Q with the degree of cation ordering involves 

the sensitivity of these peaks to small bandgap changes like the type expected from 
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ὅό ὤὲ  antisite defects. The near-resonance behavior of the Raman technique 

(ɚexcitation å 785 nm) allows for these peaks to become more easily resolved than by 

excitation from shorter wavelengths. 

A commonly used tool to gauge defects and disorder in the CZTSSe crystal 

system is photoluminescence spectroscopy (PL). PL measures the radiative emission 

of a semiconductor from non-equilibrium photocarriers that have been excited by an 

above bandgap laser source. Emission from defective semiconductors is typically 

dominated by donor-acceptor pair recombination or recombination between tail states 

of each electronic band. Due to the high densities of defect complexes in the system, 

the latter case is typically observed for PL on CZTSSe29,40ï45. Two of the metrics by 

which potential fluctuations are determined to be present are the shifts in peak position 

and intensity exhibited by PL bands as a function of laser excitation power. Large 

values of peak position shifts (ɓ-shifts) greater than 10 meV/decade are typically 

consistent with recombination channels involving potential fluctuations. The 

dependence of intensity on laser fluence gives the character of the recombination 

mechanism according to: Ὅ  θὖ  where m values lesser than or equal to 1 

indicate defect driven recombination46. Results of low temperature (7 K) PL on pure-

sulfide films obtained by Teixeira et al. are displayed in Figure 10, indicating the 

presence of potential fluctuations in the film41. 
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Figure 10: Photoluminescence data from a CZTS thin-film with a Cu/(Zn+Sn) and 

Zn/Sn ratios of 0.81 and 0.99 respectively. a) Normalized PL intensity (z-

axis) as a function of emission energy(y-axis) and laser excitation power 

(x-axis). Trends in peak energy and peak intensity with laser power are 

shown in figures b) and c) respectively. Observed ɓ-values on the order 

of the 11 meV/decade point toward th presence of potential flucutaions in 

the material. Figures repoduced from Teixeira et al.41 

1.4.3 SnCu & CuZn Disorder 

Although disorder on the Cu-Zn sublattice by way of ὅό ὤὲ  antisite 

defect pairs is shown to exist in CZTSSe, there is evidence that they are not the only 

defect affecting band-tailing and the subsequent VOC-defect. A study performed by 

Rey et al. investigated the photoluminescence behavior of several compositions of 

CZTSSe under different ordering treatments at 100ęC (below TC) for timescale 

between 3 ï 28 days28. Using the dependency of Eg on the degree of Cu-Zn ordering 

(shown by Többens et al.)47 they used Eg as an effective order parameter. Despite a 

bandgap change of 150 meV after thermal treatments, there was no accompanying 

decrease in either the Urbach energy or the fluctuation depth as measured by 

photoluminescence spectroscopy. Based on the work of Chen et al.6, they observed 

that the degree of potential fluctuations observed in the films are consistent with even 

a modest concentration of the ςὅό Ὓὲ  antisite defect pair. Although this defect 
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pair is predicted to have a relatively high formation energy, the presence of the Cu-Zn 

antisite pair reduces this energy considerably. It is therefore suspected that post-

growth thermal treatments to reduce the Cu-Zn disorder would not be sufficient to 

reduce the density of the already formed ςὅό Ὓὲ  pair and eliminate band tail 

states. 

1.5 Inter -grain Behavior and Alkali Doping 

Inter-grain behavior in thin-film solar cell absorbers are often considered a 

hindrance to solar cell performance due to the introduction of recombination 

pathways. Grain boundaries however, have been shown as relatively benign in 

CZTSSe materials due to passivation from both intrinsic defect complexes, SnOx and 

Na, a dopant typically used in these films to improve current collection.48,49 

Furthermore, Li et al. used measurements of surface potential to show that the regions 

adjacent to grain boundaries can provide a beneficial conduction path for electrons, 

thus enhancing carrier transport in a manner similar to that seen in CIGS and CdTe 

films.50 While the presence of grain boundaries may be beneficial to device 

performance, they introduce more complexity to navigate in an already complicated 

system. 

1.6 Summary: Kesterite Photovoltaics 

CZTSSe-based photovoltaics have overcome a variety of challenges in terms 

of single-phase thin-film deposition, leading to efficiencies in the lower teens. The 

defect landscape in the kesterite system is replete with competing defect species and 

their complexes, two of considerable interest to the hindrance in device performance 
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being the of ὅό ὤὲ  and ςὅό Ὓὲ  antisite pairs. Defects like these are 

suspected to introduce spatially varying potential fluctuations which are known to 

limit the open-circuit voltages of devices. Furthermore, the behavior of devices has 

been shown to depend heavily on the cation composition of the CZTSSe absorber, 

likely due to the suppression of deleterious defects like the two mentioned above. 

Finally, although grain-boundaries are not shown to hinder devices dramatically, their 

existence requires additional doping or secondary phases to become passivated and 

therefore introduce complexity into the optimization of CZTSSe material.  
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SINGLE-CRYSTALLINE KESTERITE GROWTH METHODS  

2.1 Merits of Single-Crystalline Cu2ZnSn(S,Se)4 Growth 

Chapter 1 emphasized the variety of non-idealityôs in the kesterite crystal 

system ranging from point-defects and disorder to interface problems at a pn-junction. 

These pose a threat the promise of high-efficiency CZTS-based solar cells, proving to 

be inherent problems to the material system. Thin-films do not provide the optimal 

environment to study these issues due to convoluting factors, but are nevertheless the 

subject of the majority of CZTSSe investigations. Figure 11 details the many 

interacting phenomena present in thin-film materials. The non-equilibrium nature and 

high-temperatures of common thin-film growth methods enables the formation of 

secondary phases (B), the loss of volatile secondary phases (tin binary chalcogenides, 

S and Se) and the incorporation of oxygen at the film surface (F and G). Furthermore, 

polycrystalline material, by definition, possesses grain boundaries which foster 

charged defects which can hinder device performance as well as a collection of grains 

oriented in random directions. The latter of which may be a problem in if the material 

has anisotropic behavior. Finally, CZTSSe is commonly deposited onto molybdenum-

coated soda-lime glass substrates. This introduces sodium doping (E) and MoSx 

secondary phase formation on the back contact. Although sodium doping has been 

shown to contribute to grain-boundary passivation and thus current collection, its 

presence complicates studies on CZTSSe properties.49,51 Sodium has  

Chapter 2 
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Figure 11: Schematic of a polycrystalline CZTS thin-film labeled with non-idealities 

commonly induced by thin-film growths. These include (A) composition 

gradients, (B) secondary phase formation, (C) defect centers formed on 

grain boundaries, (D) grain orientation distributions, (E) sodium doping, 

(F) volatile species loss, (G) oxygen incorporation and (H) MoSx layer 

formation at the back contact. Single-crystalline material grown via near-

equilibrium conditions acts as an enlarged grain (I) and dramatically 

reduces the complexity of the material. Figure modified from reference 52 

also been theoretically shown to foster the formation of VCu at high temperatures.53 

The MoSx phase has been shown to form non-Ohmic contacts and thus complicates 

device characterization techniques used to probe material properties. 54 Single-

crystalline materials are therefore desirable to provide a more-idealized environment 

than multicrystalline thin-films in the study of CZTSSe bulk behavior. 

This chapter details the growth of single-crystalline Cu2ZnSnSe4, 

Cu2ZnSn(S,Se)4  and (Ag,Cu)2ZnSnSe4 via a primarily solid-state ampoule-based 

method. Precursor selection between elemental pellets, powdered multinary 

compounds and a uniform elemental solid are explored to access a range of bulk 

compositions with large single-crystalline formfactors. Properties of the bulk single-

crystalline material resulting from these methods are investigated in subsequent 

chapters via material characterization and photovoltaic device measurements. 



 

 

25 

2.2 Single-Crystal Growth in the Cu-Zn-Sn-S-Se System 

Single-crystalline bulk semiconductors are typically grown by variations of 

melt-based growth such as BridgmanïStockbarger, the Czochralski process and the 

float-zone method.55 Growth methods for large-grained CZTSSe using melt-based 

methods have proven a challenge however due to the peritectic decomposition point 

present in the Cu-Zn-Sn-S(Se) phase diagram56. Figure 12 focuses on the ZnSe-

Cu2SnSe3 section of the Cu2Se-SnSe2-ZnSe quasi-ternary system where the regions of 

interest for single-crystalline CZTSSe growth are those labeled (A) and (B).57 Region 

A lays above the peritectic decomposition temperature (TPeritectic), where CZTSe 

decomposes from CZTSe(s) to Cu2SnSe3(l) + ZnSe(s). Region (B) lies above the 

liquidous line, where a homogeneous liquid of Cu-Zn-Sn-Se materials is stable. Melt-

based growth will therefore be hindered by the precipitation of zinc selenide upon 

cooling through region (A) and will subsequentially form a phase-segregated boule of 

material. Thus, crystals of millimeter size scales have only been achieved either 

through predominantly solid-state growth methods or through the assistance of a 

metallic fluxing agent. 

A majority of the research involving growth of monocrystalline CZTSSe-based 

materials has been performed at the University of Miyazaki on tin-based flux growth 

and by the Institute of Energy Conversion on solid-state growth29,58. The University of 

Miyazaki has carried out detailed studies of the CZT(S,Se)-Sn phase space, enabling 

the mapping of a suitable flux-growth region59ï62. The phase space was mapped across 
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Figure 12: The Cu2Se-ZnSe-Cu2SnSe3 section of the CZTSe phase diagram 

modified from reference 57 with special focus on the  ZnSe-Cu2SnSe3 

portion. The red region signifies the region where pure phase 

Cu2ZnSnSe4(s) is thermodynamically stable. In this composition range, 

Cu2ZnSnSe4(s) decomposes into a liquid + ZnSe(s) phase in region (a) at 

temperatures above 1063K (790ęC). As temperature increases further 

past 1372 K (1099 ęC) into region (b), all components converge into a 

liquid phase. 

composition X (Figure 13a), defining the mol% of CZTSe (CZTS) dissolved in a tin 

solution. The solution was maintained at a temperature which enabled solution 

formation for 3 hours and subsequentially quenched to freeze in the state60. A 

travelling heater method (THM) method was then used at the optimal solution 

compositions to slowly (over the course of a week) precipitate CZTSSe material out of 

the solution to form a single-crystalline ingot. Figure 13 shows the phase space 

mapped out for the pure selenide solution along with a resulting boule of material. 

Although this process has been able to produce single-crystalline materials with 
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Figure 13: A) Phase space of the CZTSe-Sn system, indicating various degrees of 

solubility in Sn flux. B) Resulting boule consisting of single-crystalline 

CZTSe (bottom, solid piece) and segregated Sn (top, matte piece) which 

precipitated its solute to form the single crystalline boule. Images taken 

from the results of Nagaoka et al.59 

10 mm diameters, the compositions appear limited to Cu/(Zn+Sn) ratios in excess of 

0.9. Furthermore, growing in a flux of Sn should pin the Sn composition of the 

absorber, removing that degree of freedom from future studies. 

Molten salts are often used as a fluxing agent due to their ability to dissolve 

refractory materials63. An ideal solvent would have a low solubility in the resulting 

crystals as well.64 It is for this reason that alkali-based salts are not-desirable in 

CZTSSe materials, as alkali elements are known active doping species and would 
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complicate investigations into CZTSSe material behavior.53 This chapter explores a 

predominantly solid-state ampoule-based growth method to obtain millimeter-scale 

single-crystalline CZTSSe. Although the timescales for this type of growth are on the 

order of months, it has the benefit of ensuring a lower degree of external impurities 

and a better approximation to equilibrium growth than its flux-growth counterpart. 

Different precursors were used to improve reproducibility, uniformity, grain size and 

composition control of the resulting polycrystalline boules. Elemental shot, compound 

powders and uniform mixtures of elements were explored as starting materials. 

2.3 Solid-State Growth from Elemental Precursors 

Elemental precursors of 6N purity were purchased from Alfa Aesar in the form 

of shot pellets ranging in size from 1-3 mm in size scale. Due to the high propensity of 

copper oxidation, Cu shot was etched in 10 (vol)% nitric acid in water for 30 seconds 

prior to weighing. The focus of this section is on pure-selenide compounds, as the 

pressures generated by elemental sulfur had proven too high for the ampoule walls in 

preliminary studies. Material was measured out to 1 mg precision according to the 

desired cationic composition of the resulting crystals. Quartz ampoules cleaned in an 

aqua regia solution of (75 vol% HCL and 25 vol% HNO3) for 30 minutes. Precursor 

shot is subsequently loaded into the cleaned ampoules (15 mm inner diameter) and 

evacuated to pressures below 10-7 torr. Ampoule sealing was performed with a 

hydrogen torch in a manner that does not significantly heat the precursor materials. 

Mechanical mixing of precursors was then performed to maximize homogeneity 

within the ampoule. 
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Figure 14: a) Image taken of pre-growth ampoules after precursor homogenization. 

Ampoules were stacked with three on bottom and 2 on top. b) Spatial 

profile of the temperature in the furnace along the distance of the 

ampoules. c) Time-temperature profile utilized in both studies presented 

on elemental precursors, indicating the temperature seen by the bottom of 

the ampoules. 

Ampoules were laid horizontally (angle ~ 30ę) in a three-zone furnace and 

subjected to a heating profile shown in Figure 14b. The temperature applied to the 

ampoule is aimed to have a slight temperature gradient, with the warmer end at the 

empty portion of the ampoule in an effort to suppress evaporation and condensation of 

secondary phases. There are four main regions of the time-temperature curve of the 

growth process shown in Figure 14c. Region I is characterized by a quick temperature 

ramp from room temperature to minimize non-equilibrium reaction of the precursors. 

Region II is designed to enable the reaction of precursors in a region that should 

enable CZTSe formation at conditions near thermal equilibrium. The ampoules are 

then subject to increase in temperature of 120ęC to promote grain- ripening (Region 

III) at temperatures close to, but not exceeding TPeritectic. An optimization of 
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Table 1: Desired composition ratios for growth runs R1 and R2 paired with the 

XRF verified composition ratios of polished crystals from each run 

shown with population variations. Corresponding Hall measurements for 

representative crystals are given in the rightmost columns. Empty Hall 

columns are left to be filled in future work. R2-1 and R2-2 did not result 

in the formation of crystals of appreciable size scales. 

 5ŜǎƛǊŜŘ /ƻƳǇƻǎƛǘƛƻƴ aŜŀǎǳǊŜŘ /ƻƳǇƻǎƛǘƛƻƴ Iŀƭƭ 

wмΥ /ǳ 
κ½ƴҌ{ƴ 

½ƴ 
κ{ƴ 

{Ŝ 
κaŜǘŀƭǎ 

/ǳ 
κ½ƴҌ{ƴ 

½ƴ 
κ{ƴ 

{Ŝ 
κaŜǘŀƭǎ 

Ǉ 

cm
-3 

 ˃

cm
2
/Vs 

1 0.70 1.00 1.10 0.86 ± 0.01 1.2 ± 0.02 1.19 ± 0.01 8.7 × 1016 89 

2 0.80 1.00 1.10 0.87  1.22  1.19  -- -- 

3 0.90 1.00 1.10 0.86 ± 0.1 1.26 ± 0.03 1.19 ± 0.003 -- -- 

4 1.00 1.00 1.00 1.00 ± 0.01 1.04 ± 0.03 1.18 ± 0.01 -- -- 

5 1.00 1.00 1.10 0.88 ± 0.2 1.24 ± 0.08 1.19 ± 0.02 -- -- 

R2:       -- -- 

1 0.50 1.20 1.00 xx xx xx xx xx 

2 0.70 1.00 1.00 xx xx xx xx xx 

3 0.70 1.20 1.00 0.89 ± 0.02 1.20 ± 0.04 1.18 ± 0.002 5 × 1016 48 

4 1.00 1.00 1.00 1.01 ± 0.04 1.00 ± 0.07 1.18 ± 0.02 -- -- 

5 1.00 1.20 1.00 0.98 ± 0.01 1.06 ± 0.02 1.18 ± 0.01 -- -- 

 

crystal size vs time was carried out in previous work, showing continuous size 

increase for durations of Region III ranging from 20 to 30 day long52. The current 

study utilized a duration of å 21 days as an optimization between crystal growth and 

overall growth duration. Cooldown rates have been shown as an important factor for 

the defect state of CZTSSe. Therefore, a controlled cool-down was implemented for 

Region IV at a rate of 5ęC/hour, an intermediate rate between the quenching and 

óslow-coolingô rate (3ęC/hour) implemented in previous works on ordering 

treatments29. Desired and achieved crystal compositions for two separate runs of this 

type are catalogued in Table 1. Between these runs (R1 and R2), the ampoules with 

stoichiometric compositions act as a control (R1-4 and R2-4). Furthermore, the 

composition with a Cu/(Zn+Sn) ratio of 0.7 and Zn/Sn of 1.0 was attempted in 
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Figure 15: Comparison of the crystal sizes in mg resulting from the stoichiometric 

ampoules of both R1 and R2. Only crystal sizes above 5 mg are 

accounted for. 

both runs(R1-1 and R2-2), however the excess selenium introduced in R1-1 was 

reduced to stoichiometric levels in R2-2 based on the results of earlier studies52. 

Properties of crystals resulting from runs R1 and R2 are catalogued in Table 1. 

Despite the range of compositions in the Cu-poor, Zn-rich regime planned for R1, all 

resulting crystals from R1-1:5 converged onto a Cu/(Zn+Sn) ratio of approximately 

0.87 and a Zn/Sn ratio near 1.24 with the exception of R1-4. The latter growth run 

(R1-4) resulted in crystals close to the desired, stoichiometric, composition. 

Distribution of crystal sizes was presented in previous work, showing that the largest 

crystal sizes resulted from growths R1-1 and R1-2.52 Despite significant grain growth 
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Figure 16: A) Image of the boule resulting from growth run R2-4 with 

corresponding composition profile obtained by XRF measurement. 

Uniform composition is demonstrated across the boule of near 

stoichiometric composition. B) Image and accompanying XRF profile for 

the boule from R2-2. Although the profile indicates uniform CZTSe of 

Cu-poor, Zn-poor composition, this was only true of the top layer of 

material, as the rest consisted of Cu2SnSe3 secondary phase. 

of pure-phase CZTSe, a large amount of secondary phase was present in all the R1 

ampoules, mostly consisting of the Cu2SnSe3 phase. 

Although run R2 consisted of comparable precursor compositions and 

formfactors subjected to the same spatial and temporal growth profiles, each ampoule 

provided significantly smaller grain growth with the exception of R2-4. The 

stoichiometric control ampoule (R2-4) showed the most significant grain growth of the 

R2 run. Figure 15 compares the crystal sizes from stoichiometric growths. Run R2-4 is 

shown to have resulted in a larger quantity and larger sized crystals than its sister 

growth R1-4. Although there is a large difference in grain size, the compositions of 
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R1-4 and R2-4 remained in close agreement (Table 1). Images of boules R2-3 and R2-

4 (Controls for R1-1 and R1-4 respectively) are shown in Figure 16 above their 

respective XRF composition profiles. Both boules show a uniform CZTSe profile 

across the boule. However, R2-3 consists of Cu2SnSe3 with a thin sub-mm thick 

coating of crystalline CZTSe. As a result, no crystals of appreciable size could be 

extracted by R2-3. In contrast, the sister run of R2-3 (R1-1) presented with 40 crystals 

in excess of 5 mg.52 

The inability to reproduce the results in R1 with R2-3 and R2-4 and the small 

crystal sizes of R2 with respect to R1 indicate that the growth method outlined here 

suffers from unknown or uncontrollable factors. This is further supported by the 

discrepancy between desired and achieved crystal compositions in both runs, with the 

exception of those planned for stoichiometric ratios. Elemental precursors likely 

hinder the achievement of solid-state growth throughout the entire time-temperature 

profile, particularly during stage I of growth (Figure 14c). Melting points below 650ęC 

(the reaction temperature in region II) are characteristic of zinc (420ęC), tin(232ęC) 

and selenium(220ęC). Volatility of the secondary phases including Se, SnSe and SnSe2 

can also easily introduce chaotic behavior into the early steps of growth.65 Finally, the 

large size of the precursor shot (1-3 mm) in comparison to the boule (~ 2.5 cm in 

length) and their non-uniform shapes lead to unique initial conditions for each 

fabricated ampoule. Correspondingly, the non-normalized nature of Region I with 

elemental precursors provide a plausible explanation for the irreproducibility of crystal 

size and composition. 
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2.4 Solid-State Growth from Compound Precursors 

In Section 2.3, the use of elemental precursors was shown to hinder crystal 

growth and boule uniformity due to the chaotic nature of the initial growth regime. 

Furthermore, due to the unreacted elemental species, solid-state conditions cannot be 

expected prior CZTSe formation. This section focuses on the improvement of this 

growth method by substituting binary ZnSe (Tm å 1520ęC)66 and ternary Cu2SnSe3 (Tm 

å 690ęC)67 powders in place of elemental precursors. Due to the relatively high 

melting points of these materials, a temperature region can be selected to enable the 

formation of solid-phase CZTSe and suppress liquid and gaseous phases from forming 

and complicating kesterite growth. Furthermore, the brittle nature of the compounds 

allows for the powdering of precursors, allowing for a homogenous mixture thus a 

consistent starting condition for reproducibility. 

Zinc powder (5N, ESPI Metals) mixed with selenium shot at a 50-50 molar 

ratio were used to form ZnSe, due to the high melting point and difficulty of 

pulverization of the compound. Precursors were annealed at 880ęC for 48 hours 

following a temperature ramp over 60 hours to avoid volatile reactions. Resulting 

ZnSe maintained a powdered formfactor, which was further pulverized to reduce grain 

sizes. Cu2SnSe3 was grown from 6N elemental precursors in evacuated quartz 

ampoules similarly to the method described in Section 2.3. The ternary was formed 

above its melting point at 770ęC for 48 hours after an initial ramp over the course of 

approximately 3 hours. Cu, Sn and Se material was measured out in accordance to the 

desired cation ratio of the final CZTSe product rather than the stoichiometric ratio.  
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2.4.1 Compound Precursor Reaction 

To test the assertion in Section 2.3 that precursor reaction is promoted in an 

initial anneal roughly 100ęC below the grain ripening temperature, the effect of this 

anneal was tested on ampoules of compound precursors. With the simplified system of 

Cu2SnSe3 (CTSe) + ZnSe a conclusive result as to the efficacy of the Region II anneal 

should be possible. Figure 17 illustrates the three time-temperature profiles used to test 

the pre-grain ripening anneal. Process A removes this step and progresses from Region 

I to Region III, the high-temperature grain growth step above 4 . Process B 

removes region III, maintaining the temperature of the pre-anneal throughout the 

entirety of the growth process. Finally, process C combines the two profiles, having 

both the pre-anneal and grain-ripening step that was employed in Section 2.3 for 

elemental precursors. These profiles enable independent testing of each region with 

regard to precursor-reaction and grain ripening. Precursors were weighted out with the 

aim of Cu/(Zn+Sn) ratios of 0.8 and Zn/Sn of 1.2. 

The resulting composition profiles for growth processes A and B are shown in 

Figure 18, the composition profile bfor process C is omitted due to its similarity to that 

of B. Boule A (Figure 18a) demonstrates a uniform composition with Cu/(Zn+Sn) and 

Zn/Sn ratio of approximately 0.94 and 1.12, which becomes more zinc and tin rich 

toward the tip of the charge. The remaining charges behave in a relatively uniform 

manner with average ratios of 0.89 and 1.08 for boule B and 0.89 and 1.14 for boule C 

respectively. A thin hollow shell of ZnSe < 0.5 mm thick formed at the top of boules 

B and C indicated by the lighter grey phase at the top of the boule. 
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Figure 17: a) Schematic of the time-temperature profiles used while testing the 

precursor reaction stage of the growth (not shown to scale). The table 

shows the desired atomic percentage for all growths. b) The temperature 

profile experienced by the ampoules and charge with colors 

corresponding to the temperature profiles in a). A physical shift in 

position corresponds to the temperature transition in the purple profile. 

Boule A behaves as a compacted powder, producing no crystals of appreciable size. 

The remaining boules are polycrystalline in nature. Figure 18c, displays the 

distributions of crystal sizes measured from Boules B and C, which were greater than 

5 mg in size. Also shown is the XRF measured compositions for planarized crystals 

from both growth processes. Apparent from the XRF compositions from both the 

boule profiles as well as the individual crystals, deviation from the desired 

composition, shown in Figure 17, of Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2 was observed. 

Both ampoules resulted in crystals of similar composition. ZnSe segregation observed 

at the top of both crystalline boules is the likely cause of this discrepancy as the 

resulting compositions are more Zn-poor and Cu-rich than expected. 
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Figure 18: a) Image of the boule resulting from crystal growth A. Apparent in the 

image is the granular nature of the resulting product. Below, the image is 

accompanied by an XRF composition profile of the outside of the boule 

indicating a roughly uniform composiiton with a gradient toward the tip 

of the boule. b) Similar picture and accompanying composition map for 

crystal growth C. The comosition profile shows a roughly uniform 

composition with a Cu/(Zn+Sn) and Zn/Sn  ratio of 0.82 and 1.14 

respectively.The top of the boule is characterized by a thin shell of ZnSe 

material. c) Representative polished crystal from growth c. Clear from 

the image is the presence of voids up to 375 ɛm in size. The bottom 

image shows the crystal size vs number of crystals for crystals larger than 

10 mg from the two crystalline boules. 

 The high temperature step in region III of the profile is therefore shown to be 

critical for the growth of mm-sized crystals. Furthermore, the pre-anneal step in region 

II is shown to further benefit grain growth as evidenced in Figure 18c. Also shown in 

Figure 18c is a polished crystal obtained from boule C. Although the crystal size is on 

the order of 4 mm, the quality of the crystal is degraded by the presence of voids 

approaching 0.5 mm in size. These defects can greatly hinder further electrical 

characterization as well as device fabrication involving these crystals. One reason for 
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the pervasiveness of these voids could be the fact that precursor powders were not 

compacted prior to growth, allowing for physical gaps between grains. 

2.4.2 Composition and Crystal Quality 

In this section, improvement of the crystal size and quality from Section 2.4.1 

is demonstrated. Furthermore, control over the crystal composition in the range of 

Cu/Zn+Sn of 0.86 ï 0.92 is achieved. To improve upon the size and quality of the 

crystals, two new methods were implemented. The binary and ternary precursors were 

supplemented with selenium powder (Tm = 220ęC) to provide a cohesion agent for the 

powdered compounds in the beginning stages of the growth processes. Additionally, 

after the powders were homogenized and loaded into the quartz ampoule, the material 

was compacted with a quartz rod to minimize air pockets and voids prior to vacuum 

sealing (see Figure 18 for details). Both changes were designed to reduce the amount 

and size of voids demonstrated in Figure 18c by the previous process. These materials 

were subjected to the time-temperature profile represented as Process C in Figure 17 

Crystal composition control was again driven via selection of cation ratios in the 

Cu2SnSe3 precursor prior to its fabrication. Powder XRD Patterns of these precursor 

materials are provided. in Appendix B below. Ratios of the selected compositions of 

ternary, stoichiometric ZnSe and elemental selenium were weighed out to promote the 

desired CZTSe compositions displayed in Table 2. 
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Figure 19: a) Powdered Cu2SnSe3 and ZnSe precursor material. b) Both powders are 

homogenized and combined with selenium powder at step (1). Step (2) 

signifies the addition of materials into the ampoule and subsequent 

physical compaction. c) The final loaded, compacted ampoule 

Unlike the growths in Section 2.4.1 of the crystal growth optimization, the 

boules in this section displayed considerable phase segregation of CTSe and ZnSe 

from the CZTSe charge. Because all ampoules exhibited similar segregation, Figure 

20 displays the XRF composition profiles from Growth I only. The outer shell of the 

boule was coated in a layer of selenium; therefore a profile of a cleaved boule was 

used to get an assessment of phase and composition gradients within the charge. The 

observed material segregation is likely the limiting factor in the deviation of the 

measured cation composition from the intended ones (Table 2). The cause of the 

segregation is not yet clear, but two possibilities are put forth. The first explanation is  
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Table 2: Planned quaternary growth compositions in terms of cation ratios(left). 

Measured XRF composition on planar polished crystals resulting from 

Growths I-IV. 

 Desired Measured 

Growth Cu/Zn+Sn Zn/Sn Cu/Zn+Sn Zn/Sn 

I  0.903 1.174 0.91 1.14 

II  0.880 1.160 0.86 1.21 

III  0.862 1.214 0.92 1.12 

IV  0.770 1.250 0.87 1.19 

 

that the growth temperature is close enough to the peritectic point at the top of the 

boule to where the growth is sensitive to slight deviations in temperature which lead to 

subsequent peritectic decomposition at the top of the boule. Conversely, the 

compositions ratios selected may not lead to the most thermodynamically stable 

compound, driving material segregation to optimize the most stable compositions. 

To the first point, the calibration of the furnace should have led to temperatures 

sufficiently below the peritectic point (Figure 17b) and further studies must be carried 

out to address the issue. However, the observation of a ZnSe layer followed by a CTSe 

layer is strong evidence to this scenario. To address the latter point, the compositions 

selected for this study were chosen based on compositions previously achieved via 

elemental precursors in methods similar to those described in Section 2.3 and reported 

in previous manuscripts29,58,68. The emulated compositions were verified via XRF, of 

which the extreme compositions may have been outside of the accurate range of the 

XRF calibration standards (see Appendix D), leading falsely to non-stable cation  
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Figure 20: a) Picture of the boule resulting from growth I with clear sections of 

CZTSe crystal formation and secondary phase segregation. b) XRF 

composition profile of boule shown in a). The presence of ZnSe and 

CTSe become apparent at the right-hand side (top) of the boule. The 

histograms displaying crystal sizes greater than 5 mg which resulted from 

growths I-IV are displayed in c) through f) respectively. 

ratios. Therefore, we conclude that the issue is likely due to the profile being too close 

to Tperitectic making it sensitive to slight deviations in temperature. 

Despite the segregation of secondary phases within the entire boule, these 

growths have led to relatively successful crystal growth in terms of crystal yield and 

size. Figure 20 shows the distribution of crystal sizes achieved from all four growths 

in this set. Growths II and III resulted in the largest crystals although these crystals 

were outliers on the high-end of the distribution. Growths I and IV on the other hand 

lead to the most crystals although at intermediate sizes. Figure 21 shows a 

representative horizontal cross section of boule II, demonstrating high crystallinity. 

Also shown is a representative crystal of mm size. No voids have been observed in the 

resulting crystals of each growth by visual inspection and at 4× magnification. 
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Figure 21: a) Portion of Growth II ampoule highlighting the areas of crystal growth 

in the boule (Size scale in inches). b) An unpolished, representative 

crystal from Growth III with mm size scales. c) Polished crystal from the 

same growth run with XRF composition. d) Laue diffraction image from 

crystal shown in b). 

Although a sufficient metric has not been put forward to quantify the improvement, it 

is clear from a comparison of the results in Section 2.4.1 and this section that a 

significant reduction in voids has occurred (Figure 21c). The selenium bonding agent 

and compaction are thus successful routes for improvement. Electrical properties 

extracted from Hall measurements and device results are left for future work on this 

material. 

2.5 Solid-State Growth from Compound Precursors: Sulfur Alloying 

The optimal solar-cell bandgap dictated by the detailed-balance (Shockley-

Queisser) limit for a single-junction cell has a value of 1.1 eV and semi-empirical 

limits place this ideal gap between 1.4 - 1.6 eV. 69,70 As discussed in Chapter 1, the 

kesterite system is commonly studied as an alloy of CZTSe and CZTS, whereby the 

bandgap is tunable between 1.0 and 1.5 eV. Therefore, to achieve an ideal solar cell 
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bandgap, a degree of sulfur alloying is necessary (in the absence of other alloyed 

species).  

Elemental sulfur is difficult to incorporate into growth processes like the one 

outlined in Section 2.3 due to the high vapor pressures that it exhibits (Figure 22). 

Several attempts at single crystal growth via these methods lead to ampoule cracking 

due to the 3 atm pressure limit of the ampoules, or very small granular growth. The 

methods documented in Section 2.3 introduce a means to grow sulfur alloys while 

avoiding sulfur volatility through the use of compound zinc sulfide, which is available 

 

Figure 22:  Vapor pressure of elemental selenium (blue) and elemental sulfur (gold) 

as a function of temperature in the regime used for CZTSSe crystal 

growth.71 1 atmosphere and 3 atmosphere demarcations are shown as 

reference due to the 3 atm limit of the quartz ampoules. Temperatures of 

Cu2ZnSn(S,Se)4 peritectic point and the Cu2Sn(S,Se)3 melt point are 

shown for a 25% sulfur alloyed compound. 
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commercially in powdered form and in mm sized chunks. For the same reason that 

obtaining CZTS is difficult via elemental precursors, Cu2SnS3 growth is also a 

hindrance. Therefore, the methods described here are limited to a maximum S/(S+Se) 

ratio of approximately 0.33 and thus a bandgap range between 0.98 and 1.15 eV. 

Four ampoules of sulfur alloys were grown via the solid-state compound 

precursor growth described in the preceding section. Table 3 summarizes the planned 

material compositions as weighed out alongside with the precursors used in each 

ampoule. Fine ZnS powder was used in growth S1 to promote a uniform distribution 

of ZnS in the ampoule. ZnS chunks were used however in S2, S3 and S4 to promote 

the growth of large grained CZTSSe as oxidation is a common concern in fine 

powdered compounds, which in turn may hinder grain ripening. Ampoules S3 and S4 

also contained elemental Zn and Se to act as a cohesion agent in the prevention of 

voids in crystals (see Section 2.4.2). Growth conditions similar to those used in 

Section 2.4 were used on these ampoules. 

As anticipated due to the fine-particular nature of the ZnS for S1, no 

appreciable crystal growth was achieved. Ampoules S2, S3 and S4 resulted in few 

crystals on mm-size scales. These crystals all possessed a large degree of voids, more 

so than the crystals of Section 2.4.1. The sulfide containing ampoules are subject to 

the same issues presented there, however the high vapor pressures of sulfur may be a 

reason that the problem is more ubiquitous in these crystals. The compaction and Se 

adhesion methods of Section 2.4.2 were not employed. 

EDS composition measurements show that in each case, the sulfur content is 

slightly lower than planned for (Table 3). As has been observed for pure Se crystals,  
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Table 3 Composition matrix weighed into sulfur-alloyed ampoules. Precursor 

materials were varied in attempts to create homogenized charges and 

high-quality crystals. EDS results are an average of 4 spots on a single 

crystal from each boule and the error bars given by the variation via the 

standard deviation. 

 Desired Composition EDS 

 Cu/Zn+Sn Zn/Sn Sulfur  Precursors Cu/Zn+Sn Zn/Sn Sulfur  (%) 

S1 0.8 1.2 25% 
CTSe, ZnSe, 

ZnS(powder) 
No Crystals 

S2 0.8 1.2 25% 
CTSe, ZnSe, 

ZnS(chunks) 

0.99 ± 

0.02 

0.99 ± 

0.02 

20.0 ± 

1.0 

S3 0.8 1.2 33% 
CTSe, ZnSe, Zn, Se, 

ZnS(chunks) 

0.91 ± 

0.03 

1.00 ± 

0.06 

21.0 ±  

1.0 

S4 0.9 1.2 33% 
CTSe, ZnSe, Zn, Se, 

ZnS(chunks) 

0.91 ± 

0.02 

1.09 ± 

0.05 

25.0 ± 

2.0 

 

the Cu (Zn) content were all higher (lower) than planned. Hall characterization was 

carried out on representative crystals from each growth resulting in mm sized single 

crystal samples. All crystals demonstrated a mobility of approximately 50 cm2/Vs 

regardless of growth conditions. S2 demonstrated a carrier density of 5 × 1016  cm3 

while S3 was characterized by an order of magnitude lower density of 5 × 1015 cm-3. 

Finally, the specimen from S4 demonstrated the highest Hall density of 8 × 1016 cm3.   

2.6 Solid-State Homogenized Precursors 

The implementation of compound precursors described in the previous section 

holds promise for improvement in crystal growth and reproducibility. However, larger 

crystal sizes (10 × 10 mm) or greater are desirable for fundamental crystal studies, and 

studies on single-crystal photovoltaic devices. Furthermore, in the growth of 

Ag2ZnSnSe4, (to be discussed in Sections 2.7-2.9) the substantially lower peritectic 
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point (Ὕ  υππЈὅ) hinders the reaction of precursors into a solid bulk material, 

preventing substantial grain growth.72 This section discusses the use of pre-

homogenized solid-state precursors, which were explored to address these issues. 

Because CZTSe does not solidify congruently, but instead peritectically 

decomposes, it is not easy to melt precursors in a way that solidifies to a uniform 

composition, the boule instead segregates into a binary and ternary phase. However, if 

material within the CZTSe chemical potential regime is brought above the liquidus 

line (Ὕ  ρρππЈὅ), then a uniform composition of Cu-Zn-Sn-Se liquid is 

obtained. To utilize this regime of the phase diagram, precursors were fabricated 

above the liquidus line and rapidly quenched into a water bath held at 0Ј#. Figure 23a 

shows the time-temperature profile for precursor fabrication. Initial ramp-rates were 

selected to minimize the reaction of elemental precursors without causing enough 

volatility in the ampoule to cause it to rupture. The resulting, dense precursor boule 

was then subjected to the same profile as process C in Figure 17. 

Figure 23b shows the cross-section of the charge post-growth. There exist 

three distinct regions in the boule. The lower region (left) consists of sub-mm 

crystallites that are predominantly ZnSe phase as indicated by the accompanying XRF 

composition profile. The middle region consists of large, mm scale, polycrystals of 

CZTSe. Finally, the top of the boule is another region of small crystallites, but of 

CZTSe phase. Crystals resulting from this growth demonstrate an XRF verified 

composition of Cu/Zn+Sn = 0.77 and Zn/Sn = 1.25, deviating from the desired  
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Figure 23: A) Time-temperature profile implemented in precursor fabrication. The 

elemental precursors were quickly brought to a temperature exceeding 

the liquidus line to achieve a melt. B) Cross-section of final boule post 

crystal ripening stages along with an XRF composition profile. 

Composition is mostly uniform throughout the boule with the exception 

of ZnSe which formed at the bottom tip of the boule. 

0.70, 1.2 ratio weighed out for the precursors. ZnSe is suspected to have precipitated 

to the bottom of the ampoule during the quench step, as the overall quenching process 

took place over 5 seconds due to nonidealities. This would explain the altered phase 

seen at the bottom of the XRF profile. Although the Cu content (Zn content) is higher 

(lower) than the goal composition, it is the lowest (highest) Cu (Zn) concentration 

achieved by all of the growth processes explored, even by those with the same starting 

compositions in Section 2.3. Furthermore, it is of comparable composition to the 

lowest achieved Cu content in literature, although those films has a significantly lower 

Zn content.73 For comparison, a control ampoule was grown alongside the 

homogenized precursor boule of Figure 23b starting form elemental precursors. The 

control ampoule resulted in significantly fewer and smaller crystals than the main 
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growth, having a composition of Cu/Zn+Sn = 0.80 ± 0.01 and Zn/Sn = 1.22 ± 0.02, 

which is considerably closer to stoichiometry than the primary growth, although still 

lower than any other crystals growths presented in preceding sections. Furthermore, 

the selenium ratios of both growths (Se/metals) is higher than those of all other 

growths with a value of 1.21 rather than 1.18. Overall, the method displayed promise 

for use in growing Cu-poor CZTSe and the lower temperature silver alloys. 

2.7 Single-Crystal Silver Alloying 

Cation alloying has been a major research thrust in the kesterite field as a 

means of mitigating disorder in the Cu-Zn sublattice during the growth process as 

discussed in Chapter 1. Single crystalline (Ag,Cu)2ZnSnSe4 alloys were growth via 

elemental precursors in a variation of the method described in Section 2.3 using 5N 

purity Ag shot. To account for the difference in peritectic point, a linear approximation 

was assumed for the relationship between Ag content and Ὕ . The composition 

matrix of desired and measured cation ratios is displayed in Table 4. Three silver 

contents below 50% alloying were attempted, due to the difficulty of growing large 

crystals at low temperatures. With the exception for the stoichiometric growth at 50% 

silver incorporation, all alloy growths obtained mm-sized, single-phase single crystals. 

Obtaining an accurate XRF standard via inductively coupled plasma mass 

spectroscopy (ICP-MS) is difficult in compounds containing elemental silver due to its 

reactivity. Therefore, a proper standard for XRF was not obtained as it was for pure 

selenide CZTSe. Rather, elemental standards were used for EDS measurements, which 

leads to less accurate composition determination (see Appendix D). 
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Table 4: Matrix for desired and achieved compositions of Ag-alloyed CZTSe 

single crystals. Composition was measured via energy-dispersive 

spectroscopy. The final column indicates the temperature of region III in 

the growth profile demonstrated in Figure 14c. 

Nominal EDS Composition Growth 
Ag (%) G1/Zn+Sn Zn/Sn Ag (%) G1/Zn+Sn Zn/Sn T(ęC) 

10% 1 1 3% 0.97 0.97 
750 

0.8 1 3% 0.88 1.12 

30% 1 1 21% 0.96 0.96 
690 

0.8 1.2 17% 0.92 1.08 

50% 1 1 XX XX XX 
630 

0.8 1.2 30% 0.90 1.05 

Select crystals were chosen from each growth to verify single crystallinity via 

Laue diffraction and phase purity was verified via powder XRD from several smaller 

crystals (See Appendix B and Appendix C). Hall characterization on single crystals all 

exhibited p-type conductivity. Figure 24 shows these results as a function of silver 

composition for stoichiometric and Group I poor, Zn rich crystals. Compared to pure 

Cu crystals with similar cation compositions, Hall carrier densities increased by 

approximately 1 order of magnitude upon 3% Ag incorporation. However, as Ag 

alloying increases, carrier densities drop dramatically, approximately 6 orders of 

magnitude by 30% incorporation. This trend is consistent with that observed by 

Gershon et al. on thin-film materials.74 Hall mobility for pure-Cu crystals measured 

near 100 cm2/Vs for both cation compositions. Mobilities drop by a factor of 5 for 

both cation compositions upon the introduction of silver into the lattice. These values 

plateau with increasing silver near 30 cm2/Vs for group I poor materials whereas they 

plateau near 5 cm2/Vs for the stoichiometric analogs. Although these values dropped 

with silver incorporation, they are over an order of magnitude higher than those 

measured in their thin-film counterparts. 74 It is likely this decrease in value with  
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Figure 24: a) Hall measurements for carrier density measured from 0 to 30% silver 

incorporation for stoichiometric and Group I poor, Zn rich crystals. After 

an initial increase at low Ag incorporation, the carrier density falls off to 

near intrinsic levels at high Ag.  b) Hall mobility for single crystals 

across alloyed compositions. A distinct drop in mobility is observed in all 

cases upon the inclusion of silver. 

alloying is due to the introduction of strain on the lattice due to the difference in 

atomic size of Cu (135 pm) and Ag (160 pm). If this is the case, the issue would be 

mitigated upon full substitution of Cu. The higher mobility than thin-films is typical 

due to the lack of carrier scattering on grain boundaries. Furthermore, the Hall 

technique on thin-film semiconductors often underestimate the materials mobility due 

to the dominance on in-grain behavior in the measurement.75 

2.8 Ag2ZnSnSe4 Powders 

As discussed in the previous section, replacement of Cu with Ag in kesterite 

semiconductors holds promise of reducing cation disorder that is ubiquitous in 

CZTSSe. An attempt to grow single crystalline Ag2ZnSnSe4 (AZTSe) was made using 

the elemental precursor method similar to those described in Sections 2.3 and 2.7. A 

cooling rate of 9ęC/hour was implemented. 5N purity silver shot, 6N purity Sn and Se  
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Figure 25: a) Ampoule containing the elemental precursors for AZTSe powder 

growth. b) Powdered precursors for the compaction of the initial growth. 

c) Image of the material resulting from the two implemented growth 

consisting of primarily large grains of agglomerated crystalline material. 

d) SEM image of stoichiometric material after quench cooling with 

grainsizes in the 10-micron regime. e) SEM image of stoichiometric 

material after the 3ęC/hour cooling with similar grain sizes as those in c).  

shot and 5N Zn powder (mesh size 40) was used as precursors. Two compositions 

were attempted; one with a stoichiometric composition and one with Ag/(Zn+Sn) and 

Zn/Sn ratios of 0.85 and 1.00 respectively. The temperature of the crystal ripening step 

(Stage III of Figure 14c) was set to 465ęC, 35 degrees below the peritectic point of the 

material. Because the growth resulted in a multi-phase granular powder, a secondary 

compaction growth was carried out.  

Growth products were removed from the ampoule and ground in an agate 

crucible for homogenization and size reduction. Each growth composition was divided 

into two separate ampoules, to subject each to different cooling rates. One quenched 
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into a water bath held at 0ęC, the other cooled at a rate of 3ęC/hour. The difference in 

rates was implemented to test the effects on ordering of the Ag-Zn sublattice for 

comparison to the pure copper kesterite. To better promote grain-ripening, a higher 

Stage III temperature of nearly 500ęC was implemented. A detailed study of the 

results via TEM and atomically resolved EDS will be discussed in Chapter 5. All four 

growths resulting from the compaction run resulted in predominantly kesterite phase, 

with the presence of SnSe2 and ZnSe as determined by XRD and EDS (Appendix D). 

Millimeter-sized crystals were not obtained however, resulting in a course-grained 

powder with grain sizes on the order of 10 microns (shown in Figure 25). 

2.9 Ag2ZnSnSe4 via Homogenized Precursor Reaction 

One of the motivations put forward in Section 2.6 for pursuing homogenized 

precursors was the promise of fostering large grain ripening in the growths of low 

temperature silver alloys. Attempts to grow Ag alloys of 70% and 100% silver via this 

method proved unsuccessful due to material creep up the ampoule walls during the 

liquidus quenching process (See Figure 26). To troubleshoot the process, the pre-

growth precursor melt was attempted several times using stoichiometric CZTSe, 

which also all behaved similarly. The table in Figure 26 shows the composition matrix 

for ampoules grown via this method. Based on these results, and the results in Section 

2.6, it appears that the molten kesterite material either favors a high surface area  
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Figure 26: Stoichiometric, pure-silver ampoule. a) Top view of the bottom of the 

boule b) Side profile of boule bottom, the densest part of the growth. c) 

The material coating the ampoule walls above the ampoule, becoming 

thinner at higher points. Figures are accompanied matrix of silver alloy 

precursors used in the pre-growth melt-based homogenization step. All 

ampoules exhibited similar wetting the ampoule walls, leaving a hollow 

1-2 mm thick shell in place of a dense ampoule. 

during the liquidous stage or climbs up the walls during the rapid temperature 

quenching process in all cases but for those with pure Cu and very low group I 

composition. Further work should be carried out to assess the potential of this method 

in a larger composition range. 
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SINGLE-CRYSTAL DEVIC E FABRICATION AND OP TIMIZATION  

3.1 Motivation: Single-Crystal Devices 

Chapter 1 briefly outlined the progress and innovations in the CZTSSe field 

leading to the current record efficiency of 12.6%. The vast majority of improvements 

on kesterite devices have been implemented on thin-film materials. Thin-film 

materials have the promise of scalability, offering device areas suitable for solar-cell 

modules. Single-crystalline materials of CZTSSe have been limited to areas of å 0.8 

cm2 maximum achieved via flux-growth techniques.60 Areas achieved by the work 

presented in Chapter 2 are even further limited to less than 0.16 cm2. At the current 

state of CZTSSe single-crystal growth, areas applicable to large scale deployment of 

kesterite solar cells are not obtainable. However, these small crystals can provide 

insight into bulk material properties and device behavior.  

Techniques including Current-Voltage(JV) behavior, quantum efficiency (QE), 

capacitive profiling (CV), drive-level capacitance profiling (DLCP) and admittance 

spectroscopy (AS) can probe the effects of bulk composition and defects on the bulk 

material of an absorber in a solar cell, such as CZTSSe46,68,76ï80. Furthermore, the 

improved bulk characteristics of crystals over thin-films enables the study of device 

behaviors in the absence of many convoluting factors on a pure-phase material (see 

Figure 11). These include interface behaviors at the back contact, the pn-junction and 

passivation layers.  

Chapter 3 
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This chapter will describe methods to fabricate and optimize devices on mm-

scale single-crystalline (Cu)2ZnSn(S,Se)4 materials whose growth was demonstrated in 

the preceding chapter. Treatments unique to single-crystal devices are developed and 

applied to all alloys. Explorations of device-level treatments are presented with 

innovations such as chemical treatments and an interface-passivation layer at the np-

junction. Furthermore, trends in device behavior with varying cation compositions are 

observed. Knowledge gained for device fabrication will be applied in subsequent 

chapters for more in-depth device studies. 

3.2 Baseline Single-Crystal CZTSSe Devices 

While single-crystalline solar cells may provide many benefits for research 

purposes, the fabrication of millimeter-sized solar cells introduces unique challenges 

not faced during typical, larger-scaled thin-film device fabrication. These primarily 

include surface treatments due to the non-analogous nature of crystal surfaces taken 

from a material matrix to the surfaces of thin-films, details of which will be described 

when applicable to device fabrication. Furthermore, handling and processing becomes 

a larger issue due to the lack of a substrate for the entirety of the fabrication process. 

Figure 27a shows the typical thin-film device implemented by the CZTSSe 

community. Thin-film CZTSSe devices have been reported on absorber layers 

between 0.5 and 2.3 micron thick.9,81 CdS layer thicknesses have been reported in the 

range of 25 and 80 nm.9,15,82 Transparent conducting oxides (TCOôs) are typically 

implemented as a bi-layer in thin-film chalcogenide and kesterite solar cells, 

consisting of a highly conducting layer, indium tin oxide (ITO) or aluminum zinc 

oxide (AZO), deposited on top of a thinner, more resistive óbuffer layerô, commonly  
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Figure 27: a) Typical CZTSSe device structure utilized throughout literature studies 

consisting of a molybdenum coated soda-lime glass (Glass) back contact, 

thin-film CZTSSe p-type layer, CdS n-type layer, ZnO/ITO window 

layer and a metallic current collection grid. b) CZTSSe single-crystal 

device structure implemented in this work. Main differences from a) 

consist of a thicker absorber layer (~ 2 orders of magnitude), smaller 

device area, lack of contacting grids and a carbon-based conducting paste 

for a back-contact layer. 

intrinsic ZnO. The latter reduces leakage current though n-type layer non-idealities 

and enables thinner n-type layers to be used, subsequentially reducing parasitic 

absorption.83 Common layer thicknesses range between 10 and 80 nm for i-ZnO and 

50 ï 500 for the top ITO layer.15,73,84,85 Finally, the back contact is commonly formed 

by a molybdenum coated soda-lime glass substrate, which often leads to phase 

interaction with the absorber layer (See Figure 27). 

The baseline device structure on single-crystalline CZTSSe used in this work 

employs the same general device structure as thin films (see Figure 27b). Mechanical 

polishing of a single-crystalline specimen is outlined in Appendix E, whereby a 

planarized crystal is prepared for device fabrication. Next, a chemical-mechanical 

planarization step (CMP) using a solution of bromine in methanol (0.125 vol% Br), 
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implemented to mitigate damage induced by the mechanical polishing steps, which 

should leave surface damage on the order of 0.05 microns in depth (based on the 

alumina particle size of the last polishing step). This process consists of a mechanical 

abrasion of a polished crystal on the surface of a piece of lens paper saturated in the 

0.125 vol% Br-Methanol solution. Abrasion entails 30 sets of figure-eight motions, 

dripping the solution onto the paper between each set using a Pasteur pipette. This 

process is the first major difference between thin-film and crystalline device 

processing, and is sensitive to small particulates, including those which may detach 

from the crystal itself. This process is followed by a non-abrasive chemical etch in the 

same 0.125 vol% Br-Methanol solution for 10 minutes, stirring every 30 seconds. This 

etch time was selected based on the preliminary work by D. Bishop.52 The additional 

chemical etch is implemented to further reduce damage by chemically removing 

surface material. These processes result in an absorber layer of thickness t between 0.2 

and 1 mm in thickness, typically close to 0.5 mm, roughly 2 orders of magnitude 

thicker than those used in thin-film devices.  

The effect of the CMP and solution etch was tested using photoluminescence 

(PL) imaging as a rough metric for surface quality. Photoluminescence intensity arises 

from radiative recombination in a semiconductor, an increase in this signal is likely 

due to the reduction in non-radiative recombination pathways which are typically 

detrimental to solar cell performance. At the interface of semiconductors, the likely 

mechanism is Shockley-Read-Hall recombination through deep-level defects near the 

mid-gap of the semiconductor.86,87 A description of the photoluminescence imaging 

system can be found in Appendix K.1. 



 

 

58 

PL imaging characterization was carried out on crystals of two different 

compositions with Cu/(Zn+Sn) ratios of 0.86 and 0.77. Figure 28a shows the effect of 

the CMP followed by the chemical etch on the lower copper-content crystal. Part b of 

the figure quantifies the PL intensity over a constant area of the crystal. Two distinct 

jumps in PL intensity are observed; one between the as-polished crystal surface 

(which does not have a quantifiable PL -yield) and the onset of the CMP treatment and 

another between the CMP and Etch treatments. From a PL standpoint, not much is 

gained from a continued CMP and Etch treatment past the first time point on the plot, 

however based on visual inspection of damage, and consistency with initial device 

results, the full CMP and 10-minute etch treatment were implemented on devices. An 

accurate comparison of the etch treatment without the CMP was not possible, as the 

solo-etch created a non-homogeneous surface both visually and in PL imaging. A 

subsequent 6-minute anneal in ambient air is performed at 350ęC has been shown to 

improve device performance in thin-films and in single-crystalline devices during 

preliminary studies. 

The device heterojunction was formed with approximately 60 nm of cadmium 

sulfide (CdS) deposited by chemical bath deposition onto the etched and annealed 

crystal surface. CdS was deposited in solution of cadmium sulfate, ammonium 

hydroxide and thiourea in water at a temperature of 58ęC, similar to the method 

described by Lloyd et al.58 CdS thickness was estimated by optical analysis of films 

deposited on SnO2/glass substrates in previous work at the Institute of Energy  
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Figure 28: a) Photoluminescence images of a Cu-poor, Zn-rich CZTSe single crystal 

as a function of surface treatment processes from CMP to solution etch. 

b) Quantitative PL intensity as a function of treatment. Distinct increases 

in PL intensity are observed at the onset of each new treatment, which 

plateaus for the duration of each. CMP numbering represents the number 

of sets performed 

Conversion. n-type CdS carrier densities were estimated to be roughly 1016 cm-3. 

Intrinsic ZnO (50 nm) and ITO (150 nm) were sputter deposited onto the CdS at room 

temperature. The device area was defined by the dimensions of the circular shadow 

mask (1 mm diameter, 0.008 cm2) used during this deposition. Because the small 

areas, current densities are not as reliable as those in larger devices, due to errors in 

area and shading, therefore VOCôs and fill factors are the most reliable parameters of 
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resulting cells. Further quantification of device areas via electroluminescence 

measurements are described in Appendix H. 

Finally, device fabrication was completed via the adhesion of the device onto a 

Mo-coated SLG substrate with a high-work function carbon paste (å 5.0 eV). 

Abrasion with a fine grit SiC paper precedes application of paste to ensure a CdS-free 

back surface. This is the final major difference between thin-film devices and devices 

of this type. This method avoids the formation of Mo(S,Se)x phases at the back 

interface because the Mo and CZTSSe are separated and do not see high-temperature 

steps (> 200ęC) while in contact88. Devices are treated to a final, as-fabricated anneal 

at 150ęC for 4 minutes as it has been observed to improve overall device performance 

in preliminary studies. This anneal will be discussed further in Section 3.4. 

Single-crystalline device fabrication was optimized, with progress shown in 

Figure 29 taken from a study presented at the 2016 IEEE Photovoltaic Specialists 

Conference.58 Both devices are fabricated on crystals of the same growth run (R1-1 

from Table 1), which demonstrated Cu/(Zn+Sn) and Zn/Sn ratios of 0.87 and 1.22 

respectively. The improvements implemented going from device D4 to D5 mainly 

consist of an increase in Br content in the methanol solution as well as overall 

processing improvement from increased experience in the delicate device fabrication. 

Device performance improvements are observed through a comparison of the JV-

curves of both devices (Figure 29a). The VOC showed a distinct increase of 20 mV, and 

more notably, an approximate 13% absolute increase in FF was observed.  
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Figure 29 a) JV-curves for devices D04 and D05, the latter having a more rigorous 

surface treatment and thus higher voltages. b) Accompanying EQE 

curves showing similar collection behavior for both devices as well as 

bandgap extrapolations.  c) VOC(T) plot for both devices, showing the 

activation energies for each. Figures modified from Lloyd et al.58 

While a minor improvement in VOC is observed, the main difference between 

the two devices is the magnitude of the EQE curve (Figure 29b), which is 

representative of the JSC differences. Bandgaps for both absorber layers are extracted 

from the band-edge EQE using Equation (5). The relationship is a manifestation of the 

absorber coefficient in devicesô current collection via the Internal Quantum 

Efficiency.89 See Appendix I.2 for more details on the EQE measurements. Since 

small areas precluded optical reflection measurements on completed devices, EQE 

was used as an approximation for IQE in Eg calculations.  

Figure 29c shows the VOC as a function of temperature for both devices. The 

merits of this measurement are outlined in Appendix I. For the purposes here, an 

activation energy for recombination (EA) is extracted which is equal to qVOC(0). 

Comparing EA to the EQE extracted Eg indicates that the device D04 has 

recombination limited by the pn-interface. Conversely, the VOC(T) behavior of D05 is 



 

 

62 

indicative of bulk-limited recombination. These results are evidence that much of the 

improvements are achieved via improvement of the CZTSe surface and thus the 

CZTSe/CdS junction interface. 

 

 Ὁὰὲρ ὉὗὉ  θ Ὁ  Ὁ 5 

3.3 Chemical-Mechanical Polish Optimization  

To further evaluate the efficacy of the CMP treatment of crystal surfaces, a 

systematic study of bromine concentration in methanol was carried out on two 

compositions of crystals which are summarized in Table 5. Three compositions of 

bromine were used: 0.06, 0.13 and 0.19 vol% in methanol. Post CMP treatments 

remained the same in all cases: A 0.125 vol% Br in Methanol solution etch for 10 

minutes, followed by a 6-minute long anneal in ambient air at 350ęC as described in 

the previous section. All other device fabrication steps remained the same as described 

in Section 3.2. 

Results of device performance as a function of CMP treatment are presented in 

Figure 30, including the results of a comprehensive device analysis (see Appendix I). 

The effect of the bromine concentration in this step shows no correlation with device 

performance as VOCôs remain in the 390-400 mV range and FFôs in the 60% range.  

Table 5 Composition and carrier densities of crystals used for CMP optimization 

 Precursors pHall (cm-3) Cu (%) Zn (%) Sn (%) Se (%) Cu/Zn+Sn Zn/Sn 

A Elemental 7.8 × 1016 21.1 13.5 11.1 54.2 0.86 1.21 

B Homogenized 2.2 × 1015 19.8 14.2 11.4 54.6 0.77 1.25 
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Figure 30: Room-temperature JV curves for devices of varying bromine content 

during the CMP step for crystal composition A a) and B b). The effect of 

this treatment variation on VOC and ideality factor (n) are shown for both 

absorber types in figures c) and d) respectively. These parameters are not 

correlated for composition A, whereas they are positively correlated for 

composition B. The table displays the light JV behavior for all devices in 

the study with the highest VOC devices highlighted in bold. 

Other parameters extracted from diode analysis do not show any trend with CMP 

variation as well (Figure 30 c & d). For crystals of composition B however, a definite 

trend in VOC with CMP concentration is observed. VOCôs obtained from this variation 

range from 421 mV to 439 mV with increasing bromine content in the CMP solution. 

This is accompanied by both an increase in ideality factor as well as dark saturation 

current while under 1 sun illumination, but not in the dark. There does not appear to be 

a correlation with bromine content and any other parameter in devices with 

composition B. 
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It is apparent that, along with the improvement of VOC, a drop in FF 

accompanies the reduction in Cu content. An order of magnitude increase in series 

resistance is observed as well, irrespective of the absorber layer thickness (Figure 30). 

Based on Hall carrier density measurements (Table 5), the series resistance tracks well 

according to the inverse proportionality of the Drude model. As a result, the overall 

efficiencies of devices with these compositions remain roughly the same given the 

same JSC. Temperature- dependent JV measurements were again taken to gauge the 

effect on interface recombination via VOC(T) activation energies. However, the low-

temperature behavior of devices of composition B did not resemble that of a single-

diode. The behavior instead indicates the formation of a minority-carrier current 

barrier as the temperature decreases. This leads to non-ideal EA values which cannot 

be used to fit the previously discussed model. Because of this, the relative effect of the 

CMP concentrations on the interface recombination cannot accurately evaluated from 

these measurements. 

Figure 31 shows the JV behavior as a function of temperature for a device with 

composition B and a 0.19% Br CMP. An s-shaped curve indicative of an electron 

current blocking barrier begins to form at temperatures as high as 10ęC. The figure 

also displays the evolution of the blocking resistance RB with decreasing temperature. 

Using the methodology of Ali et al.90, an attempt was made to extract an activation 

energy of RB. As is apparent from Figure 31c, this parameter does not follow a simple,  
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Figure 31: JV curves of crystal composition B with 0.19% Br CMP treatment under 

illumination as a function of temperature between 40 and -140ęC. While 

the curve behaves ideally at room temperature and above, a clear S-shape 

becomes apparent at temperatures below 10ęC. The insert shows the dark 

JV characteristics of this device. b) Characterization of the resistance 

(RB) induced by the minority-carrier blocking barrier. c) Temperature-

dependence and activation energy extraction for RB Ὁ  following the 

formalism followed by Ali et al.90 d) The activation energy EA = 

qVOC(0K) for the open circuit voltage and compares this value to the 

bandgap of the respective devices as extracted from EQE 

singly-activated Arrhenius behavior. The low-temperature barriers of these devices 

will be explored further in Chapter 4. Figure 31d compares the EA with the Eg 

extracted from EQE measurements for all devices shown in Figure 30. The activation 

energy does not correlate with the CMP treatment for devices of composition A. The 

EA value remains approximately 50 meV below the bandgap, indicating that 

recombination in the device is limited by the interface quality rather than bulk 

recombination46. Thus, the increase in Br concentration does not improve the interface 

quality significantly. This is consistent with the VOC results in Figure 30. 

The efficacy of the CMP was found to depend strongly on the composition of 

the bulk single-crystals. Specifically, a higher bromine percentage is needed to 
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improve the surfaces of the more Cu-poor, Zn-rich specimens. This is observed in both 

the trends in VOC and in ideality factor. As the VOC increases for composition B 

devices, the ideality factor also increases from 1.3 to 1.7 (Figure 30). This behavior 

can be explained by a decreasing surface recombination contribution (n = 1) and 

increasing contribution of Shockley-Read-Hall recombination in the depletion region 

(n = 2) to the overall dominant device recombination.91,92 Previous works on the 

elastic properties of CuInSe2 have shown an increase in microhardness with increasing 

deviations from stoichiometry.93 If CZTSe crystals behave in a similar fashion, then a 

more rigorous chemical treatment would be needed during the chemical-mechanical 

polish step to mitigate mechanical surface damage for more Cu-poor crystals. This 

would explain the observed discrepancy between the behaviors of composition A and 

B with CMP treatment. 

3.4 Low-Temperature Device Anneal 

A device anneal has been shown to improve overall performance of cells with 

copper concentrations of type A and below (not shown). The anneal consists of a four-

minute treatment at 150ęC in an ambient laboratory atmosphere. This however, does 

not appear to be the case for crystals of type B. Table 6 summarizes the behavior of 

the devices treated at each extreme of the CMP process as a function of device anneal 

and aging. A distinct increase in VOC and FF can be observed for type A crystals, with 

the anneal providing more of a benefit to those treated with the more dilute CMP. In 

direct contrast with higher Cu containing devices, both the FF and VOC are negatively  
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Table 6: Behavior of examined devices as a function of device annealing (150ęC 

for 4 minutes) and subsequent aging of approximately week-long time 

scales. Column A represents the %Br of the CMP treatment 

 /at ҈ tŀǊŀƳŜǘŜǊ Lƴƛǘƛŀƭ !ƴƴŜŀƭ /ƘŀƴƎŜ !ƎƛƴƎ 5ƛŦŦŜǊŜƴŎŜ 

C
ry

s
ta

l 
A
 

лΦлс 
±h/ όƳ±ύ отп оут оΦпу҈ офу нΦуп҈ 

CC ό҈ύ руΦр рфΦу нΦнн҈ со рΦор҈ 

лΦмф 
±h/ όƳ±ύ отф оур мΦру҈ офп нΦоп҈ 

CC ό҈ύ срΦф ссΦо лΦсм҈ стΦф нΦпм҈ 

C
ry

s
ta

l 
B
 лΦлс 

±h/ όƳ±ύ поо пнн -нΦрп҈ пну мΦпн҈ 

CC ό҈ύ соΦм слΦо -пΦпп҈ руΦт -нΦср҈ 

лΦмф 
±h/ όƳ±ύ прм поф -нΦсс҈ ппф нΦну҈ 

CC ό҈ύ 62.8 60.3 -3.98% 56.7 -5.97% 

 

impacted in type B crystals, the latter taking losses on the order of 10 mV. It should be 

further noted that all devices studied show a general increase in performance over time 

scale on the order of a week after fabrication. Devices of type B however consistently 

suffer FF losses as high as 6%. These results are summarized in Table 6. 

Two devices of this type were fabricated and are presented in Figure 32. These 

devices exhibit very similar VOC values of 447 and 450 mV. The variation in JSC is 

difficult to quantify due to the small areas of these devices (Section 3.2 above) 

whereas the FF variation may be attributed to variations during device fabrication. 

Unlike the annealed device characterized in Figure 31, device 1 from Figure 32 (no 

device anneal) demonstrated an ideal Arrhenius behavior, indicating the existence of a 

single thermally-activated barrier resistance (ERb). Measurements on this device were 

taken one day post-fabrication followed by another measurement after one month. 

Both measurements indicated this Arrhenius behavior. The ERb values measured in  
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Figure 32: JV curves for two devices of crystal composition B not subjected to the 

final device anneal at 150ęC. This combination of parameters resulted in 

devices with the highest observed VOCôs, with values near 450 meV. 

both instances were 148 ± 7 and 147 ± 6 meV respectively, indicating no significant 

change over this timescale.  

The barrier resistance behavior in Figure 31 is consistent with the existence of 

two independent barriers with activation energies of 146 and 339 meV. While the 

origin of the barriers is not known, several key aspects of their behavior do provide 

insight. The introduction of the higher ERb upon device annealing would point to a 

diffusion-based mechanism where an elemental species from either the CZTSe or CdS 

slowly alloys with the complimentary material. Evidence of buried homojunctions 
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have previously been observed for CZTS/CdS interfaces due to Cd diffusion into the 

absorber.22,94 The low Cu density in composition B would likely promote Cd 

diffusion, allowing Cd to occupy sites which would otherwise be populated by Cu. 

Without annealing, the device behavior remains limited by a single barrier energy with 

aging, at least on the timescale of 1 month, indicating a slow elemental diffusion at 

room temperature. 

It is also possible that the back-contact alignment deviates from Ohmic 

behavior with the decrease in carrier density, and thus change in Fermi-level, in 

crystals of composition B. The ERb of 146 meV would be a likely candidate for this 

type of barrier, as it remains constant in devices with and without a device anneal. 

These behaviors indicate that both pn and back contact junctions likely play a role in 

the photocurrent-blocking behavior. Taskesen et al. observed similar current-blocking 

behavior in their devices of similar composition as well, attributing it to the formation 

of ZnSe at the back contact and subsequent detrimental valence band alignment.73 This 

is an unlikely cause in the material presented here due to their single-crystalline nature 

(See Appendix C). 

The top of the valence band in CZTS is primarily dominated by hybridized Cu-

3d and S-3p states, whereas the conduction band minimum is dominated by Sn-5s and 

S-3p states.23 Maeda et al. calculated that a decrease in copper content would 

subsequently decrease the interaction energy between the Cu and anion orbitals, 

causing a lowering of the both the conduction band minimum (CBM) and the valence 

band maximum (VBM) in Cu-In-Se compounds.95 The VBM would decrease more 

dramatically than the CBM, leading to a bandgap increase. This phenomenon would 

be consistent with the formation of a Schottky junction at the C/CZTSe back contact 



 

 

70 

interface. Coupled with the mitigation of potential fluctuations, this VBM lowering 

would explain the observed increase in bandgap for the most copper-deficient devices 

(Figure 31d). Alternatively, it is possible that the behavior of the C/CZTSe junction is 

not Ohmic in either case investigated, and the high hole density of composition A may 

facilitate tunneling through the barrier.96 Crystals of composition B however would 

not benefit from this behavior since their hole concentrations are an order of 

magnitude lower. Additional characterization of these devices will be presented in 

Chapter 4 in the context of admittance spectroscopy, providing more insight into the 

photocurrent blocking behavior. 

3.5 Device Performance and Cation Composition 

As discussed in Chapter 1, cation composition plays a vital role in the 

performance of CZTS-based solar cells. To further explore this dependence in a more-

idealized environment than thin-films, single-crystalline devices were fabricated on 

CZTSe crystals with a range of cation compositions. Figure 33 highlights device 

results for compositions (1)-(4), which were obtained via different methods as 

described in Chapter 2. Composition (4) was obtained via solid-state precursors 

(Section 2.6) whereas composition (1) was grown via compound precursors in the 

method described in Section 2.4. Finally, compositions (2) and (3) were fabricated 
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Figure 33: a) JV-curves for compositions with Cu-poor compositions ranging from 

Cu/(Zn+Sn) = 0.77 to 0.92. b) Time-resolved photoconductivity 

measured by Siming Lee via terahertz spectroscopy.97 Curves are 

numbered in order of decreasing Cu-content c) Matrix of compositions 

explored paired with device parameters measured on corresponding solar 

cells and lifetime parameters extracted from THz spectroscopy. All 

devices and measurements were made on crystals with the same surface 

and device preparations. 

with elemental precursors as described in Section 2.3.An increase in carrier density is 

observed with increasing Cu-content whereby Hall mobility remains uncorrelated, in 

contrast to the trends in Figure 3 (See Appendix F). 

The propensity for CZTS thin-films to perform better in Cu-poor environments 

carries through to single-crystal devices as well. No functional solar cells were 
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obtained from absorbers with Cu/(Zn+Sn) ratios greater than 0.92. Efficiencies, VOCôs 

specifically were observed to increase with Cu/(Zn+Sn) ratios decreasing from 0.92 to 

0.77. Figure 33a and c show the device curves and parameters of devices measured on 

crystals fabricated on CZTSe in this range of compositions. All devices and 

measurements were made on crystals treated with a CMP concentration of 0.125 vol% 

bromine for direct comparison. Devices were all treated with a low-temperature 

(150ęC) device anneal for 4 minutes in laboratory air. Higher VOCôs were obtained for 

devices with the lowest Cu content with higher Br-concentrations in the CMP process 

and removal of the low temperature device anneal (see Sections 3.3 & 3.4). 

In collaboration with the Baxter group at Drexel university, time-resolved 

terahertz spectroscopy (TRTS) was performed on each crystal in Figure 33a. Figure 

33b shows the photoconductivity decay as a function of time on the picosecond scale. 

Dynamics data was fitted with a transport-recombination model to extract the bulk 

lifetime († ) and surface recombination velocity (SRV) for each crystal. Methods 

are outlined by Li  et al.97,98These results are highlighted in Figure 33c, showing an 

overall increase in bulk recombination with decreasing Cu-content.  

The crystal with a Cu/(Zn+Sn) ratio of 0.86 shows a deviation in the trend 

however, despite the device following the trend in VOC. Further investigation is 

required to determine the reason for this deviation. SRV does not show resolvable 

sensitivity to the cation composition of the crystal. Recombination in the highest 

copper composition crystal however was shown to be dominated by short bulk 

lifetimes (~ 20 ps), preventing the measurement of SRV in this crystal. The effect of 

CdS termination on SRV was examined as well to obtain a better approximation to a 

CZTSe/CdS device. Only the lowest Cu composition was examined. No difference 



 

 

73 

was observed between the SRV of the as-passivated surface, and the interface 

recombination velocity (IRV) of CdS coated surface. 

Figure 34 shows the current collection as a function of device bulk 

composition via external quantum efficiency curves. The long wavelength region 

(700-1300 nm) contains information regarding carrier collection from the bulk, with 

longer wavelengths corresponding to deeper bulk collection. Longer carrier lifetimes 

enable current to be collected from deeper within the bulk, leading to an increase in 

EQE at longer wavelengths. The collection exhibited by the devices in Figure 34 

exhibit trends consistent with the corresponding THz bulk lifetimes.  

 

 

Figure 34: Eternal quantum efficiency measurements as a function of wavelength 

for the devices presented in Figure 33. The trends in current collection at 

long wavelengths are consistent with the measured bulk lifetime trends as 

measured by THz spectroscopy. 
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Finally, based on the low temperature behavior of JV curves, there is evidence 

of a cation dependence in the interface quality, despite the results of THz spectroscopy 

in measuring SRV. Interface recombination velocity (IRV) however may play a role, 

as it is a measure of recombination at the interface of the CZTSe crystal and the CdS 

coating. Because IRV measurements were not taken on CdS coated samples from all 

compositions, it is not possible to exclude the possibility of an IRV dependence on 

cation composition. Figure 35 shows VOC vs temperature plots for the devices shown 

in Figure 33. These results show a clear trend in the activation energy measured for 

devices (see Appendix I) and cation content. Specifically, the increase in Cu (decrease 

in Zn) content correlates to a decrease in activation energy, and thus a decrease in 

relative effect of bulk to surface recombination. It is therefore likely that Cu-rich 

CZTSe creates a less ideal interface with CdS. Quasi-Fermi level (QFL) splitting was 

measured on bare crystals via quantitative photoluminescence at HZB in Germany. 

This method is outlined by Li et al.98 Crystals were all subject to the same surface 

treatments used in their respective devices. The measured QFL splitting is expected to 

provide an upper limit in VOC for devices based on the bulk crystal properties (Figure 

35b). Therefore, evidence suggests that passivation of the crystal surface should 

enable further increases in open-circuit voltage. 

3.6 Surface Passivation with ZnSe Films 

High recombination rates at the CZTSSe/CdS interface have been shown to be 

a limiting factor in device performance (Chapter 1). Furthermore, two separate studies 

regarding interface properties within the CZTSSe/CdS system concluded a device-  
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Figure 35: a) VOC as a function for temperature for devices (1) ï (4). The extracted 

activation energy is observed to correlate with cation ratio, increasing 

with decreasing Cu (increasing Zn). b) Table highlighting the deficit in 

activation energy from the EQE measured bandgaps (Figure 34). The 

final column shows the measured quasi-Fermi level splitting for bare 

crystals of each composition, indicating the upper limit on bulk-limited 

VOCôs. 
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limiting band alignment. The first of these studies measured a conduction band spike, 

the later measuring a cliff-type alignment.16,99 These conflicting results paired with the 

observed device limitations call for a better understanding of the CZTSSe surface and 

CdS interface.  

Several studies emphasize the importance of a Zn-rich surface termination on 

device performance. A study conducted by Repins et al. correlated the level of Zn-

termination with improved VOC of pure selenide co-evaporated films.100 It was 

furthermore correlated with an increase in activation energy for recombination 

extracted from VOC vs T plots, a feature indicative of reduced interface recombination. 

Buffière et al. determined that KCN treatments, a common treatment in kesterite cell 

fabrication, preferentially etches Cu and Sn related secondary phases.101 This 

treatment is paired with improved device performance, when used in moderation. The 

effect of Zn-termination through the controlled deposition of a ZnSe passivation layer 

at the CZTSe/CdS interface of devices was explored based on these results. As many 

convoluting effects exist in polycrystalline thin-film materials, pure-selenide, single-

crystalline CZTSe were again used. The work presented in this section was published 

by Lloyd et al. as a conference proceeding for the IEEE Photovoltaics Specialists 

Conference.102 

3.6.1 ZnSe Evaporated from Elemental Sources 

The device of composition (1) presented in Figure 33 and a sister sample of the 

same composition and growth run were used for this study. Because of the thickness 

of single crystal specimens, it is possible to reprocess the crystal surface and 

refabricate devices on the exact same bulk material.  After the CMP was carried out on 
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the crystals, ZnSe was deposited via thermal evaporation of Zn and Se precursor 

material at pressures below 10-6 torr through a 6 mm2 diameter mask. The temperature 

of the single crystalline specimens was held at 300ęC for the duration of the 

deposition. Passivation layer thicknesses were controlled by the deposition time. 

Appendix G outlines the deposition system and conditions. Crystal specimen used in 

this study and their surface conditions are shown in the table of Figure 36. 

As mentioned above, the thickness of single-crystal devices (1 - 1.5 mm) 

enables the reprocessing of the same crystal with different ZnSe layer thicknesses. The 

Mo-coated glass substrate is removed from the device by dissolving the carbon-paste 

in acetone. CdS and window layers are removed in a dilute bath of hydrochloric acid 

(10 vol%). Approximately 5 microns of surface are then removed by polishing with a 

0.05 ˃ m alumina slurry. The surface is then reinstated with the process described 

above. 

Photoluminescence (PL) spectra was obtained on a Űau Science PixEL module 

capable of large area PL mapping at the IBM Thomas J. Watson Research Center. An 

808 nm laser was used as the excitation source. PL spectra were obtained in 100 nm 

steps on an InGaAs detector with a set of band-pass filters ranging from 1000-1600 

nm. PL yield, and subsequently radiative recombination, is utilized as a rough metric 

for relative surface quality (see Appendix K.2).  

The PL images shown in Figure 36 highlight the PL improvements from the 

approximately 100 nm thick, circular ZnSe passivation layer. The intensity of the peak 

for crystal A is ~ 5.5 x larger for the passivated surface compared to the un-passivated 

surface (Figure 36a). The peak of the photoluminescence curves for each crystal in  
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Figure 36: Area integrated photoluminescence as a function of energy for Crystals 

A(a) and B(b). The energy dependence of the signal indicates the 

improvement in PL intensity arrives from the CZTSe rather than the 

ZnSe material. Inserts show PL maps of crystals with a circular area of 

ZnSe deposited on the surface. It is evident that the PL of each crystal is 

improved in that area. 

Figure 36 lies near 0.95 eV for both bare and ZnSe terminated surface regions. More 

finely resolved measurements on crystals of similar compositions have shown this to 

be the position of the PL peak58. The similarity in peak position between surface 

terminations allows us to conclude that PL improvements are, at least in part, due to 

the improvement of the CZTSe surface, rather than absorption in the ZnSe (Eg = 2.7 

eV).  Crystal B showed a smaller PL improvement of 125% with a ZnSe layer, 

although the bare surface PL intensity was higher than that of crystal A. Both crystals 

exhibited similar absolute peak intensities upon ZnSe deposition. 
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The presence of the ZnSe secondary phase at the CZTS/CdS interface is 

typically observed to be detrimental to device performance.103 This observation would 

seem to be inconsistent with the photoluminescence results from a recombination 

standpoint. To further evaluate the effect of ZnSe, full devices were fabricated on 

single crystals with a ZnSe passivation layers of varied thicknesses. Figure 37 shows 

the J-V curves for two different crystals. On crystal A, devices were prepared with two 

different ZnSe thicknesses of 50 nm (red), 10 nm (blue), and without any passivation 

layer (black). Figure 37a shows the JV results for each device, as discussed above. 

Reprocessing devices on the same crystal was possible due to the mm-scale 

thicknesses. Since composition differences may lead to convoluting factors, Crystals 

A & C were chosen from the same growth process and were shown via XRF to have 

similar compositions. Figure 37b shows the JV curves for the same two ZnSe 

thicknesses on Crystal C. A non-passivated crystal was not achieved as the crystal size 

became too thin for device fabrication during the re-fabrication process. Therefore, the 

un-passivated device on crystal A is plotted for comparison. Devices made on both 

crystals using 50 nanometers of ZnSe indicate that there is an upper limit on ZnSe 

thickness. The degraded behavior is consistent with a large resistance introduced by 

the thick insulating ZnSe layer. 

The standard treatment for single-crystal devices includes a device anneal at 

150ęC for 4 minutes in laboratory air (see Section 3.4). This however does not provide 

an optimal treatment for devices with a ZnSe layer. Figure 38 shows the behavior of 

devices (on Crystal A) passivated by 10 nm ZnSe as a function of heat treatment  
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Figure 37: a) JV curves for devices made on crystal A with ZnSe thicknesses of 0, 

10 and 50 nm. b) JV curves for the same ZnSe thicknesses on Crystal C, 

the ZnSe free curve was taken from crystal A. c) VOC as a function of 

temperature for a device with no ZnSe layer (from crystal A) and 10 nm 

of ZnSe (from crystal C). The activation energy increases from 718 meV 

to 979 meV with the introduction of ZnSe. 10 nm ZnSe measurements on 

crystal A were not obtainable due to device damage during measurement. 

d) JV Parameters as a function of ZnSe thickness for crystals A and C for 

devices treated with the optimal device anneal for each thickness. 

temperature. The 150ęC anneal implemented for CZTSe/CdS junctions does not 

provide the optimal treatment for maximum VOC, which increases with increasing 

anneal temperature. However, a trade-off in FF is observed as it decreases past 150ęC. 

Of the temperatures evaluated, 175ęC provided an optimal efficiency. No temperature 

optimization was performed on devices with 50 nm of ZnSe. 

Section 3.2 discussed the use of temperature-dependent JV measurements to 

extract an activation energy for recombination from the extrapolation of VOC to 0  
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Figure 38: a) JV-curves for a device on crystal A with a 10 nm thick ZnSe layer 

after 4 minute anneals at each temperature listed in room air. b), c) and d) 

track the fill factor, short circuit current and open circuit voltage for this 

device as well as a comparable device on crystal c as a function of the 

anneal temperature. 

kelvin. Figure 37c shows the VOC(T) plots for a device without ZnSe passivation, and a 

comparable crystal with a 10 nm ZnSe layer. The un-passivated device exhibited an 

activation energy of 719 ± 3 meV. When compared to the 980 ± 1 meV measured for 

the passivated device, it is thus evident that the interface quality improved. 

Furthermore, the latter energy is equal to the bandgap extracted from EQE curves (980 

± 4 meV), indicating a transition from interface-limited recombination to bulk-limited 

upon introduction of 10 nm ZnSe. Despite the improvement in device performance at 

10 nm, the low-temperature behavior of the JV curve indicates a current-blocking 

barrier not present in the un-passivated device (Figure 39). Therefore, it is possible 

that the optimal thickness for ZnSe passivation is less than 10 nm. Furthermore, this  
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Figure 39: . a) JV-curves as a function of temperature for the 0 nm ZnSe device. The 

non-ideal device behavior does not change with temperature. b) curves 

for the device passivated with 10 nm of ZnSe. At low temperatures, the 

device behavior deviates from ideal to an s-shaped curve, indicative of a 

thermally-activated blocking barrier. This behavior is absent from dark 

curves, indicating a majority current blocking barrier. 

barrier introduces doubt on to the accuracy of the extracted activation energy. The 

extracted energy however was obtained from the higher-temperature curves (before 

the barrier onset), lending credibility to its value. 

These results are consistent with the conclusions of Repins et al. for Zn-rich 

terminations and further suggest an interplay between surface passivating properties 

and the current blocking nature of the insulating ZnSe. Furthermore, the initial 

investigations appear to indicate that the bulk composition has significant effects on 

interface properties. This is highlighted in Figure 36, which shows the PL 

improvements for crystal B which is more Cu-poor and Zn-rich than crystal A. 

Although the non-passivated PL intensity is higher for this sample, the passivation 

layer increases the intensity to nearly the same absolute level as crystal A. Further 

investigation into the effects of bulk composition on surface termination is thus 
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required. Optimization of ZnSe thickness is also required based on the observed low-

temperature current blocking behavior. 

3.6.2 ZnSe Evaporated via ZnSe Powder Precursors 

Equipment failure of the thermal evaporator with elemental sources forced the 

investigation onto an evaporator with a ZnSe effusion source. The sublimation 

thermodynamics of ZnSe and different sticking coefficients for Zn and Se2 could 

produce a Se-poor film compared to films deposited from elemental sources. As in the 

previous section, a thickness variation study was performed on a single-crystalline 

specimen, utilizing the same reprocessing procedure. A similar composition was used, 

which contained more Zn and less Cu, demonstrating a higher baseline device 

performance. Crystals with a composition of Cu/(Zn+Sn) = 0.90 and Zn/Sn = 1.17 

were used and were taken from the same run as crystal (2) from Section 3.5 

JV-curves obtained from four devices made on this crystal are shown in Figure 

40 with ZnSe thicknesses ranging from 0 to 10 nm. A distinct deviation in behavior is 

observed, as the introduction of a ZnSe passivation layer hinders device performance 

at every thickness employed. Based on the JV behavior, the ZnSe appears to introduce 

a current-blocking barrier without providing any benefit to performance. 

We identify two possibilities for the contradicting results from those achieved 

in the previous section. The first reason being the nominally Se-poor nature of the 

ZnSe produced with the differing source material. To address this point, a secondary 

selenium source has been added to the evaporator to provide a selenium overpressure  
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Figure 40: JV-curves and corresponding parameters for devices with 0 ï 10 nm of 

ZnSe passivation from a ZnSe evaporation source. The upper limit on 

device performance is shown to be the un-passivated case. All devices 

were fabricated on the same crystal following the reprocessing technique 

described in the previous section. 

during deposition. Continuing work is underway in this investigation. The second 

possibility is the difference in crystal and device properties from crystals of this type 

(2) and the type studied in the previous section (1) which are highlighted in the table 

of Figure 33. A more detailed study on the effect of crystal composition on the 

efficacy of ZnSe surface passivation will be studied in future works. 

Thickness VOC(mV) JSC (mA/cm2) FF (%) ʹ(%)

0 nm 384 29.8 66.1 7.57

2 nm 368 22.3 34.4 2.82

5 nm 337 12.2 25.7 1.05

10 nm 320 2.34 30.0 0.24

-400 -200 0 200 400

-30

-20

-10

0

10

20

30

40

C
u

rr
e

n
t 
(m

A
)

Voltage (mV)

 10 nm

 5 nm

 2 nm

 0 nm



 

 

85 

3.7 Sulfur Alloyed Devices 

Sulfur alloyed crystals were demonstrated in Section 2.5. The high-density of 

voids in the crystals act as a hindrance to device fabrication, making the fabrication of 

functioning devices a difficult task. Nevertheless, functional solar cells were 

fabricated on the two sets of material growth which resulted in mm-sized crystals. 

Furthermore, the high Cu-content of these crystals are not ideal for high performance 

solar cells. Crystal preparation and device fabrication were the same as those 

implemented for typical CZTSe devices and no modifications of the processes were 

made in sulfur-alloyed specimen. Figure 41 shows the resulting JV curves for an 

alloyed device alongside EQE curves from a crystal from growth S3 (Table 3). 

Functional devices were only fabricated on devices from growths S3 and S4. 

Both demonstrated curves with hysteresis, a difference in curve behavior dependent on 

the direction of the voltage sweep. Both devices also had a VOC increase with the 

implementation of an air anneal of 150ęC for 4 minutes. However, a dramatic increase 

in series resistance and thus degradation of device performance was also observed for 

S4 upon annealing. EQE measurements for the crystal from S3 show poor current 

collection in the long wavelength regime, indicating small diffusion lengths in 

conjunction with short depletion widths. The bandgap of the S3 crystal was extracted 

from EQE curve, demonstrating the increase in bandgap with the incorporation of 

sulfur (1086 ± 5 meV) and is consistent with an alloying of 27% sulfur, assuming a 

linear bandgap relation between S and Se bandgaps.1 Based on the sulfur percentage 

measured via EDS (Figure 41), the bandgap is expected to be 1055 meV. The  
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Figure 41: a) JV curves for a crystal from run S3, showing signs of hysteresis 

between curve sweep directions and breakdown in reverse bias in the 

light curves. The device VOC benefited dramatically from a device anneal 

at 150ęC for 4 minutes. b) External quantum efficiency curve for this 

device alongside bandgap fitting. Compositions in the table were 

measured via EDS. 

discrepancy may be caused by imperfections in the EDS measurements (see Appendix 

D) caused by the elemental reference standards (FeS2 for sulfur) rather than a single-

crystal standard. The implementation of higher performing devices is subject to the 

improvement of crystal growth for sulfur alloyed crystals which would allow for a 

wider range of cation compositions as well as a decrease in voids in resulting crystals. 

A path forward towards this end was outlined in Section 2.4. 
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DISORDER MITIGATION IN Cu2ZnSnSe4 

4.1 Routes Toward Disorder Mitigation in CZTSe 

Kesterite materials are well known for their complicated defect landscape. 

Section 1.3 outlined the defect species with the lowest predicted formation energies. 

Furthermore, Section 1.4 discussed the deleterious potential fluctuations induced by 

the pervasive ὅό ὤὲ  and ςὅό Ὓὲ  defect complexes. This chapter will 

focus on implementing disorder-mitigation techniques on single-crystalline CZTSe. 

The capability of fabricating single-crystalline devices will be utilized, using solar cell 

characterization techniques to gauge levels of disorder. JV-analysis, quantum 

efficiency measurements and capacitance spectroscopy will provide details of different 

treatments on the defect structures in single-crystalline CZTSe. This will be 

supplemented photoluminescence spectroscopy on bare crystal surfaces to provide a 

fully detailed description of the materials explored. 

4.1.1 Compositional-Based Disorder Suppression 

In preceding chapters, the dependence of solar cell performance has been 

linked to the cation composition of the bulk kesterite material. Specifically, a Cu-poor, 

Zn-rich environment is frequently shown as a requirement for well-behaved devices. 

Of the two defect complexes described above, only the ςὅό Ὓὲ  pair should be 

affected by composition, as the ὅό ὤὲ  defect preserves stoichiometry. Under 

Chapter 4 
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Cu-poor, Zn-rich conditions, the former defect complex is predicted to be suppressed. 

Furthermore, ὤὲ ὠ  defect clusters become the dominant defect. All of these 

factors are predicted to contribute to well-behaved solar cells.6 Figure 42 shows the 

formation energy of these defect complexes (highlighted in gold) with respect to 

elemental chemical potentials. The most Cu-poor, Zn-rich region in the phase diagram 

is labeled as point P. The formation energy of the relevant defects provide evidence 

for the above claims over dominant species. Despite the preferential suppression of 

ςὅό Ὓὲ  defects in a Cu-deficient (Zn-rich) environment, the high density of  

ὅό ὤὲ  defect pairs is predicted to lower the formation energy of the former 

defect.28 It is therefore likely that the Cu-Zn-Sn defect cluster will still be prevalent in 

these compositions. 

 

 

Figure 42: Calculated defect formation energies at given chemical potentials of 

CZTSe. a) Phase diagram as a function of tin and zinc chemical 

potentials. b) Calculated formation energies of dominant point defects 

and defect pairs as at special points of the phase diagram labeled 

alphabetically. Point P represents the most Cu-Poor, Zn-rich point on the 

calculated phase diagram. Figure modified from Chen et al.6 
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4.1.2 Low-Temperature Cu-Zn Disorder Transition 

Chapter 1 introduced the low-temperature order-disorder transition for CZTS 

material as measured via Raman spectroscopy by Scragg et al.38 For the pure-sulfide 

compound, the critical temperature (TC) was reported to be approximately 260ęC. 

Assuming a proportionality of TC to the peritectic points of the pure sulfide and pure 

selenide kesterite, TC is expected to be near 210ęC. Krªmmer et al. used the CZTSe 

bandgap as measured by electroreflectance as a measure of disorder within the system 

as a function of annealing temperature and annealing time for 8% sulfur alloyed cells. 

Assuming the Eg values in Chapter 1, this puts the bandgap only 6 meV higher than a 

pure selenide crystal. By this method, TC was determined to be 195 ± 5ęC, in close 

agreement with that predicted by the Raman study. The transition was marked by a 

bandgap change from 0.96 eV to 1.03 eV upon ordering treatment; 130ęC for 14 

hours. These results are shown in Figure 43. Bandgap changes predicted for Cu-Zn 

antisite disorder are on the order of 20 meV, which is on the same order of that 

observed (70 meV). The alternative likely option for bandgap changes are the 

ςὅό Ὓὲ  defect clusters which are predicted to reduce the bandgap by 

approximately 200 meV.7,28 In conjunction with earlier works, the authors thus 

conclude that the TC observed via bandgap changes are primarily induced by Cu-Zn 

disorder mitigation. 

4.2 Cu-Poor Single-Crystalline CZTSe 

Using single-crystalline, pure-selenide CZTSe, the effect of Cu-poor, Zn-rich 

composition on disorder was explored. The two lowest copper content crystal devices 

from Section 3-5 were chosen for further examination. In comparing the data between 

these two samples, it is important to note that the error in JSC is high due to the small  
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Figure 43: a) Electroreflectance-measured bandgap as a function of annealing time 

at 130 ęC  and 170ęC by Krªmmer et al. Timescales greater than 12 hours 

are required before a plateau in Eg change.104 b) Bandgap as a function of 

4 hour annealing performed above and below Tc demonstrating the 

reversibility of the anneal.  Figures modified from Krämmer et al.104 

device areas and thus is not a suitable parameter for accurate comparisons. JSC aside, 

the two devices perform similarly. Figure 44a labels each crystal composition as CP1 

and CP2 in order of decreasing Cu-content. Furthermore, the figure shows the tradeoff 

between VOC and FF going from the higher Cu-content to the lower one. Further 

insight into the differences in these cells can be extracted from Figure 44.The carrier 

density of Crystal CP1 should be similar to that of the sample presented by Lloyd et 

al.58 , which exhibited p-type conductivity of approximately 3.5×1016 cm-3. 

Hall measurements taken on a comparable crystal to CP2 yielded p-type 

conductivity with carrier densities an order of magnitude lower than CP1, at 1.8×1015 

cm-3. The poor collection in the long wavelength portion of the spectrum for CP1 can 

be attributed to the high carrier density and thus thin depletion width.58 The improved 

collection in this region for CP2 paired with the decrease in FF are consistent with a  

å 200 meV

å 20 meV

Bandgap Narrowing

a) b)
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Figure 44: a) JV curves for devices made on compositions CP1 and CP2. b) EQE 

curves for both devices, showing larger long-wavelength collection for 

the lower Cu device. The dashed curve represents the hypothetical EQE 

curve of crystal CP2 if it had the same depletion width as CP1 as 

measured by CV, assuming the same absorption coefficient. c) Logarithm 

of the EQE curve as a function of energy in the near bandgap region. Fits 

for Urbach energies are displayed. Relevant material and device 

parameters are given by the tables at the bottom of the figure 

larger depletion width resulting from the smaller carrier density in comparison to 

Crystal CP1. Depletion widths are verified by capacitance-voltage measurements 

(CV), yielding values of 0.12 microns and 0.25 microns for the CP1 and CP2 devices 

respectively. Furthermore, NCV values correspond closely to the Hall density 

measurements yielding respective values of 6.4×1016 cm-3 and 5.0×1015 cm-3. The fact 

that these values are slightly higher than those measured by Hall is expected as CV 

densities are influenced by defects at the pn-interface.105 See Appendix J on CV 

measurement details. 



 

 

92 

As highlighted in Figure 44a and b, Crystal CP2 shows a steeper slope in the 

low-energy tail of the EQE spectrum than Crystal CP1. The difference in QE curves 

can be due to three main factors assuming the same bulk absorption qualities; 

difference in depletion width, increase in carrier lifetime in CP2, and changes in sub-

bandgap absorption behavior. Depletion width changes (factor of 2) are shown to play 

a part in the long wavelength collection differences (Figure 44b). Assuming poor bulk 

lifetimes, all carriers generated outside of the depletion width are neglected from 

collection. The dashed curve in the EQE figure is a scaled reproduction of the CP2 

curve based on this assumption, the measured depletion width differences and the 

single-crystal absorption coefficient shown in Figure 2a.  

 ὉὗὉ  ‌Ὡὼὴ  (6) 

The region near 600 nm and the decrease in absorption at longer wavelengths 

is well reproduced by this scaling factor, indicating that a large portion of the EQE 

differences originates from depletion widths and thus bulk carrier densities. However, 

the steep drop off at the band-edge is not reproduced. This observation provides 

evidence of decreased sub-bandgap absorption and thus smaller Urbach energies in 

Crystal CP2. A decrease in band-tail states would sufficiently explain an increase in 

VOC as well. An exact calculation of Urbach energies is not provided as the small 

device areas hinder the quantification of a reflectance spectrum, thus the EQE was 

used for the extraction rather than the Internal Quantum Efficiency (IQE) using 

Equation 6. However, as shown in Figure 44, the Urbach energies for each device is 

similar, indicating similar amounts of sub-bandgap absorption. This leads to 

conclusion that most of the absorption characteristics below 1.05 eV are dictated by 

the differences in bandgap for each absorber. 



 

 

93 

4.3 Low-Temperature Order Anneal 

Following the methodology of Krämmer et al., single-crystalline specimen of 

type CP1 and CP2 were subjected to a low-temperature anneal for the purpose of 

cation ordering. Crystals were polished through the final CMP step, as is the baseline 

preparation for single crystalline specimen (Chapter 3). Crystals of type CP1 were 

treated to a CMP with a Br-concentration of 0.13%, whereas the lower Cu crystals of 

CP2 were treated with a CMP of 0.19% Br in methanol in accordance to the results of 

Section 3.3. A Br-MeOH solution etch of 0.13% was then used in each case. Crystals 

were then subjected to a temperature of 130ęC for a period of 18 hours, sufficiently 

past the 12-hour plateau in bandgap changes observed by Krämmer (Figure 43). 

Anneals were maintained in a N2-rich environment with a constant flow of 500 cc/min 

of nitrogen into the closed box furnace. After 18 hours, crystals were allowed to cool 

naturally in laboratory air. Crystals were then treated to an anneal in ambient air for 6 

minutes at 350ęC to provide a similar surface termination as previous baseline devices. 

With an anneal time significantly smaller than 4 hours (see Figure 43b), it is not 

expected that this treatment will greatly affect the bulk crystal properties achieved by 

the 18 hour anneal. Device fabrication continued with the subsequent chemical-bath 

deposition of CdS, continuing through the process described in Chapter 3. 
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Figure 45: JV-curves before and after ordering anneals for both a) crystals of CP1 

composition and b) CP2 composition. Upon annealing, VOCôs increased 

from 402 to 470-500 mV for CP1 and 447 to 479 mV for CP2. Fill 

factors do not appear significantly affected by the anneals. Tables 

correspond to the colors of each curve in a) and b) and include all JV-

parameters and the material used as the back contact of the completed 

device. 

Figure 45 displays the results in triplicate for each set of devices: CP1 and CP2 

crystal compositions both with and without the óorderingô anneal. Before annealing 

treatment, the baseline voltages for devices of CP1 are approximately 400 mV, 

whereas those of CP2 are somewhat higher, with VOCôs near 450 mV. This voltage 
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increase with decreasing Cu-content is consistent with the typically observed behavior 

of thin-film CZTSSe devices as well as results previously reported in previous single-

crystal studies.13,68,97 Due to the extensive labor required to fabricate each device, 

large statistics were not feasible for these devices. However, at least three sets of each 

device type were fabricated, demonstrating reproducibility to within 3% of the average 

value for the VOC parameter (see table corresponding to Figure 45). JSC and FF values 

demonstrate more variation and are more sensitive to the deposition of other layers in 

the device structure. Furthermore, because of the limitation in active device areas, the 

JSC parameter will not be used as a metric for evaluating the efficacy of treatments. 

Devices fabricated on order-annealed crystals demonstrate a jump in VOC from 

their untreated counterparts. Devices of type CP1-A demonstrate a 21% increase in 

average VOC value, while CP2-A devices only demonstrate a 12% improvement. This 

result indicates that the annealing treatment brings the performance of each crystal 

type up to similar levels near 500 mV. These devices also demonstrate reproducibility 

of the VOC parameter to within 3% of the average value, with the more Cu-poor 

devices demonstrating a smaller spread. Neither fill -factor or JSC appear to be strongly 

affected by the crystal annealing treatment, further indicating that their values are 

limited by subsequent device layer depositions and device-level phenomena. 

EQE for all four devices are plotted as a function of wavelength in Figure 46. 

The curves for devices of both types do not show appreciable change in the long 

wavelength regime of the curve (700-1100 nm). This is consistent with a carrier 

density and thus depletion width which is not expected to be changed by the annealing  
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Figure 46: a) EQE curves as a function of wavelength for both CP1 and CP2-type 

devices before and after implementation of the 130ęC anneal. 

Improvement in sub-bandgap absorption is observed in both cases 

following the anneal, with the least sub-bandgap absorption occurring for 

the lowest-copper device subjected to the anneal. b) EQE as a function of 

energy for all 4 types of crystal. A drop in Urbach energy of 

approximately 4 meV is observed for both types of device after 

annealing. The lowest observed EU of 22.4 meV was obtained for the 

lowest-Cu, annealed device 

treatment. While Hall measurements have not been carried out on annealed crystals, 

NCV values at 0V bias approximate the carrier density differences (Appendix J). CP1 

crystals demonstrate values of 3.7 and 4.1 × 1016cm-3 for NCV before and after 

annealing. CP2 crystals show NCV values 3.8 and 3.5 × 1015cm-3 respectively. The pre-

annealed values lay close to the room-temperature Hall values measured for sister 

samples of 8.7 × 1016cm and 1.8 × 1015cm-3 for CP1 and CP2 crystals. (CV taken at 
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40ęC in both cases). Both the ὅό ὤὲ and ςὅό Ὓὲ  defect complexes are 

self-compensating, no change in carrier density is expected from the anneal, thus 

behavior matches what is expected for the behavior of these defects as NCV values 

remain relatively unchanged with annealing.6  

The band-edge region of each device differs substantially as a function of the 

anneal. Annealing reduces the absorption below 1 eV of the CP1 device to a level 

comparable to the non-annealed CP2 device. Absorption within this region reduces 

significantly more for the annealed CP2 device. Furthermore, the extracted Urbach 

energies from EQE curves also lowers by approximately 15% for each device type 

after annealing. Consistent with the bandgap change observed by Krämmer et al., the 

CP1-type device the annealing treatment increased Eg to 1.04 eV.104 The CP2-type 

device however had a bandgap increase to 1.08 eV, higher than those observed by 

Krämmer. The bandgap of devices in that study is expected to be only 5 meV higher 

than the ones presented here because of the 8% sulfur alloying in that study. This 

emphasizes the efficacy of the treatment on the devices presented herein. Furthermore, 

the cation composition in that study was demonstrated as Cu/(Zn+Sn) = 0.85 and 

Zn/Sn = 1.24, which is the same composition used in the CP1 crystals.106 The overall 

change in bandgap from CP1 to CP2-A is observed to be 0.98 eV to 1.08 eV, a total of 

100 meV, in between the expected change in Eg of 20meV and 200 meV expected 

from mitigation of ὅό ὤὲ and ςὅό Ὓὲ  respectively. These results are 

consistent with the expected decrease in both defects from the anneal and the 

decreased Cu-composition respectively. The decrease in concentration of these defects 

are also consistent with the significant increase in observed in VOC.  
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4.4 Admittance Spectroscopy: Pre-Annealed CZTSe 

Using the method put forward by Walter et al., the defect states are 

investigated through the temperature dependence of the admittance spectra.77 

Admittance spectroscopy investigates the behavior of a pn-junction by taking 

advantage of its capacitive properties. Specifically, a small AC voltage perturbation 

(on the order of 0.01 meV) is applied to a device as a function of AC frequency. 

Walter et al.77 devised the formalism describing the relationship between device 

capacitance and the capture/emission of defects. Defect occupation can be described in 

terms of capture coefficients through Equation (7) and modified to account for AC 

current perturbations via Equation (8).  

   ‍ὲὔ ὲ  ‍ὴὲ ‍ὔὲὩ Ⱦ   

 ‍ὔ ὔ ὲ Ὡ Ⱦ  (7) 

 ὲ  ὲ ὲὩ ȟὴ  ὴ ὴὩ ȟὲ  ὲ ὲὩ  (8) 

Here, ὔ denotes the density of a particular defect at an energy E above the valence 

band with ὲ signifying the density of those defects occupied by an electron. ‍ȟ 

signifies the capture coefficients of holes and electrons respectively. ὔȟ indicates the 

effective density of states of the valence and conduction band as well. Equation (8) 

describes the respective densities of electrons holes and filled traps a DC (x=) and an 

AC (ὼ) component with an angular frequency of ɤ. In short, from these relations, a 

distribution of defect densities can be extracted by applying Equation (9) and 

integrating over the available energies within the bandgap to finally arrive at Equation 

(10). In these relations, Ὗ  denotes the built-in voltage and w represents the depletion 

width. The energy of the defect state Ὁ  is given by the relationship shown in 

Equation (11).  
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 ὅ  
ǿ

‍ὴ ρ Ὡ Ⱦ ‍ὲ ρ Ὡ Ⱦ  (9) 

 ὔ Ὁ  
Ⱦ

Ѝ

 (10) 

 Ὁ ὯὝὰὲ  (11) 

Different energies of defect states are probed via the relationship in Equation 

(11) via a sweep in applied AC voltage frequency (ɤ) characteristic of this technique. 

Upon the activation of a defect, a distinct step is observed in the capacitance curves as 

a function of frequency. Supplemented by a temperature sweep, this technique can 

provide the density of states (DoS) in the bandgap. It is possible to obtain the 

activation energy of a defect species x (Ὁ ) by substituting in the frequency of the 

inflection point of an observed capacitance step (ɤp) into Equation (11) as a function 

of temperature. Substitution of ‍ὔ  with ‡Ὕ , where ‡ denotes the attempt-to-

escape velocity of a captured electron, is required to fully account for the temperature 

dependence. One condition imposed by this method is that only energies which lie 

deeper into the bandgap than the Fermi-level can be probed. For typical CIGS 

material, this condition limits the range of energies from 80-600 meV for practical 

measurements (80 ï 350 K).77 Furthermore, it is difficult to differentiate donor vs 

acceptor-type defects. 

As is not uncommon for thin-film chalcogenide materials, the capacitive 

properties of these devices exhibit metastable behavior.79,105 To account for this, the 

devices are subjected to an external bias to condition the sample to a desired electronic 

state. Biases were held for 3 hours at 40ęC based on observed CV transients. The 

temperature was subsequently decreased to -140ęC with the bias still applied to set the 

state of the device as performed by Eisenbarth et al. and the bias is removed 78. Four  
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Figure 47: Capacitance as a function of applied AC frequency for a device on crystal 

type CP2 after conditioning under (a) 1 sun bias, (c) 1V forward bias, (d) 

red light bias and (g) blue light bias. Corresponding plots of ‫ Ὕ  vs 

ρȾὯὝ are plotted in (b), (d) and (f) respectively. Eaôs extracted from 

these plots are shown in the table. Two activation energies were observed 

in each case except for case (g), which did not demonstrate a capacitance 

step in the explored temperature regime. The final row in the table shows 

the activation energy for the minority current barrier (Appendix I.4) and 

the series resistance in the dark. 
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metastable states are studied and displayed in Figure 47; one induced by light soaking 

in 1 sun conditions provided by a halogen lamp (LS), two other light-induced 

conditioning with blue and red light (BL) and (RL) by using filters on the 1 sun 

halogen source and another via the application of 1V forward bias (FB). Details of this 

procedure are outlined in Appendix J.2. No significant changes in CV signals were 

observed after reverse-bias conditioning (RB) and thus this scenario was not pursued 

in studies.  

Admittance spectroscopy observed for a device of type CP2 are shown in 

Figure 47 for a temperature range between -140ęC and -10ęC and AC frequencies 

between 5 × 102 and 106 Hz. Left-hand figures (a,c,e,g) show the capacitance as a 

function of frequency while right-hand figures (b,d,f) show the extraction of activation 

energies via an exponential fit of ‫ Ὕ  vs Ὧ Ὕ  for ɤp values obtained on each 

capacitive step. Each pair of plots are labeled for the respective conditioning 

treatment. A table summarizing all extracted EA values is also shown. Compared to the 

activation energies measured for 1-sun bias conditioning, the forward-bias 

conditioning case provided higher energies for each capacitive step. Furthermore, to 

within error, the EA values measured for the RL case are equal to those for the FB 

case. 

Depletion widths and doping profiles were extracted at the conditioning 

temperature (40ęC) from the capacitance-voltage profiles of each device using the 

method described in by Heath et al.105 Figure 48 shows these results for devices on 

both types; CP1 and CP2. Both exhibit similar relative behavior between metastable 

states with CP1 devices demonstrating a higher doping density and shorter depletion  
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Figure 48:  NCV as a function of distance from the CZTSe/CdS junction as extracted 

via CV measurements following the methodology of Heath et al.105 a) 

CP2-type device corresponding to the AS measurements in Figure 47. 

Trends in depletion width as a function of conditioning bias are shown by 

vertical dashed lines. b) Similar density curves for a device of type CP1. 

Similar trends are observed for both devices. 

width overall. The observed depletion width and NCV values are shown to be 

dependent on the conditioning procedure. Depletion widths in both cases are shown to 
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increase from FB conditioning to RB, FB, As-is and BL conditioning in that order. 

Depletion edges were extracted from the 0V DC bias point in the CV profiles and are 

denoted by vertical dashed lines in Figure 48. NCV values decrease accordingly, 

assuming a constant CdS doping density. Admittance spectroscopy strictly probes the 

defect signatures in at the depletion edge.77 Thus, AS measurements at different 

conditioning are measuring the defect signatures at different positions in the bulk 

CZTSe material with the FB case probing closest to the CZTSe/CdS junction, and the 

BL case probing farthest from it. 

Certain defects in CdS and CZTSe are suspected of causing this metastable 

behavior. Eisenbarth et al. observed several key changes in the capacitive behavior of 

CIGS devices after several biasing conditions: Forward and reverse voltage biasing as 

well as red, blue and white illumination.79 The underpinnings of these metastable 

states are a subject of continued debate. Three common theories are 1) A metastable 

amphoteric defect (VSe-VCu), 2) A DX recombination center, 3) CdS photodoping, 4) 

Cu-ion migration, 5) a p+ layer at the pn-interface and 6) electron trapping at a back - 

contact barrier. The existence of such metastabilities in single-crystalline CZTSe 

devices has already been demonstrated in previous studies.107 

Figure 49 shows the results of admittance spectroscopy measurements on 

devices of type CP2. In contrast to admittance on CP1-type devices, these devices 

exhibit one predominant capacitance step. Because the defect energy is significantly 

smaller in magnitude, these capacitance steps are only fully accessible at frequencies 

above 106 Hz and temperatures below 140ęC, conditions not accessible with the 

measurement equipment employed. Subsequently, the inflection point used in defect 

calculations are only measurable for the lowest one to two temperatures. To  
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Figure 49: Capacitance as a function of applied AC frequency for a device on crystal 

type CP1 after conditioning under (a) 1 sun bias, (c) 1V forward bias, (d) 

red light bias and (g) blue light bias. Corresponding plots of ‫ Ὕ  vs 

ρȾὯὝ are plotted in (b), (d) and (f) respectively. Eaôs extracted from 

these plots are shown in the table. Activation extracted from trends in ɤc 

with dC/dV values. Evidence of a higher-Energy defect is observed for 

the LS case (b) whereas all other cases exhibit a single step. The final 

row in the table shows the activation energy for the minority current 

barrier (Appendix I.4) and the series resistance in the dark. 
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circumvent this issue, effective activation energies (Ὁᶻ) were extracted for lines of 

constant dC/dɤ values (ɤc), increasing in value toward the peak of the derivative 

(inflection point). Figure 49b shows the ‫ Ὕ  vs ρȾὯὝ plots for this family of 

frequencies, furthermore Figure 49c highlights this trend in activation energies. For 

the RB conditioning, the extracted Ὁᶻ trends to higher values with increasing ɤc 

frequencies. A plateau is observed as ɤc approaches ɤp, leading to the designation of 

Ea bound between 60 meV and 80 meV. The LB case however shows signs of a 

second, less-distinct inflection-point in the capacitance curves at the lowest 

temperatures. As a result, the Ὁᶻ values are observed to decrease with increasing ɤc, 

beginning to plateau near 70 meV. As the curve does not plateau toward the lower end 

of ɤc, an upper bound was not obtained and the second EA value is determined to be 

greater than 180 meV. Similar to the CP2 device, this device exhibited a much smaller 

capacitive change with frequency and an activation energy was not obtainable. 

To gain further insight into the activation energies measured by admittance 

spectroscopy, the JV curves for each device were analyzed as a function of 

temperature (Appendix I.4). First, the dark curves were analyzed for the measurement 

of thermally activated series resistances (ER). Device type CP1 exhibited an ER value 

of 69 ± 3 meV, whereas that measured for the CP2 device was 86 ± 4 meV. 

Furthermore, the CP2 device, the one which exhibited two capacitance steps in the 

admittance curves which is absent from the other device. CP2 also exhibited a current-

blocking barrier on the light JV curves at temperatures below -30ęC. A measurement 

of the activation energy (EB) was made via the method outlined in Appendix I.4. This 

value was measured as 91 ± 6 meV, within error of the value extracted for ER. 
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The admittance results retrieved for the CP1 device were more straight-

forward to analyze than that of CP2. Ὁ  values for the LB, RB and FB cases are in the 

60-80 meV regime. These artifacts are therefore likely from the same defect species, 

further indicating its spatial presence between 0.05 and 0.1 micron from the depletion 

width (Figure 48). JV(T) measurements furthermore resulted in a thermally activated 

series resistance with an ER value of approximately 70 meV. It is therefore likely that 

all of these thermally activated behaviors result from the same defect species. In 

CZTSe, the ὤὲdonor defect is predicted to have an energy of 90 meV below the 

conduction band and would be the closest predicted defect to the measured activation 

energies. (Figure 7). If this were the case however, the conductivity of the p-type 

CZTSe material would increase at lower temperatures due to the freezeout of 

conduction electrons, contradicting the observed decrease in series resistance. 

The two lowest-level acceptor defects in the CZTSe system however are the 

VCu and CuZn defects with defect levels 40 meV and 110 meV above the valence band 

respectively. Neither of these defect species by themselves would explain the observed 

Ea values. Temperatures lower than the ones accessible in the outlined experiments, at 

most approximately -150ęC, are expected before the observation or EAôs near 40 meV. 

Therefore, the VCu defect should be nearly completely ionized at all temperatures 

explored. However, the energy difference between these donors is approximately 70 

meV, close to the values measured above. Therefore, we propose that the observed 

defect signatures in the admittance and JV(T) measurements are due to the freezeout of 

holes via a transition from Equation (12), where the copper vacancy acts as a 

mediating defect. 

 Ὤ  ὅό  ὠ ᵶ ὅό  ὠ  ᵶὅό ὠ  (12) 
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The higher- energy signature observed only under 1-Sun and RL conditions is likely 

attributed to a metastable defect species in the device. Characterization of this defect is 

outside of the scope of this present work. 

The more complex admittance response of the device on the CP2 crystal is 

difficult to analyze in terms of defect states. Neither the observed barrier activation 

energy (EB) nor the observed ER values are reproduced in any of the bias-conditioned 

admittance spectra. For the pure selenide compound, two energies of similar 

magnitude as those for the admittance measurements have been observed in the 

literature for thin-film devices. Brammertz et al. observed a response at 150 meV 

which they attributed to a response from the back contact of their device.108 This was 

due to the observed Rs activation energy, which was attributed to a current barrier, was 

similar to the Ea measured via admittance. Based on the incongruence of EB with 

either EA value, this conclusion seems unlikely for devices of type CP2. A likely cause 

of the minority carrier blocking barrier is the C/CZTSe back contact of the solar cell. 

Although the barrier is not observed for the CP1 device, it is possible that the observed 

increase in bandgap may cause a deviation in back contact band alignment between 

both types of device. Further investigations of this junction were carried out via the 

exploration of alternative back contact materials. 

4.5 Back-Contact Characterization 

It is possible that the back-contact alignment deviates from Ohmic behavior 

with the decrease in carrier density, and thus change in Fermi-level, in crystals of CP2. 

The corresponding bandgap change with CP2 crystals (0.98 Ą 1.04 meV) may also 

have an effect on the band alignment. The carbon contacts have a nominal work-
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function of 4.8 eV, which is comparable to the 4.5-5 eV work-function of 

molybdenum, a commonly used as a back contact in CZTSSe photovoltaics. For a p-

type back contact, higher work-function conductors are desirable to avoid Schottky-

like contacts and foster more Ohmic-like behavior. Three total back-contact materials 

were investigated: graphite paste, gold paste and a thin-film MoOx material. 

Corresponding work functions expected for these contacts are displayed in Figure 50. 

MoOx was grown via thermal evaporation with a thickness between 15 and 20 nm to 

avoid negative effects of this highly resistive layer. An electron-beam deposited Au 

film was deposited on the back of this layer to avoid degradation of the MoOx film, 

which was adhered to the Mo substrate with Au paste. Details of molybdenum oxide 

deposition are discussed in Appendix G. 

Evidence of a current barrier in these devices was probed via JV measurements 

as a function of temperature. Figure 50 includes a table of the measured barrier heights 

on devices with each of these back contacts. These Ea values are higher than the ones 

measured in the preceding section despite being on the same crystal composition. 

Furthermore, a secondary activation energy was observed via two distinct slopes in the 

Arrhenius plots of Rb (see A,B and C on the corresponding table). The higher 

activation energy (> 300 meV) appears in devices after the standard 150ęC device 

treatment has been applied. Furthermore, although it doesnôt appear after a month of 

aging, evidence exists of this behavior exists after 6 months. Evidence of buried 

homojunctions have previously been observed for CZTS/CdS interfaces due to Cd 

diffusion into the absorber.22,94 The low Cu density in CP2-type devices could likely 

promote Cd diffusion by freeing lattice positions for Cd to occupy. This is further 

evidenced by the lack of evidence of such a barrier in higher-Cu devices. The time  
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Figure 50: a) JV(T) measurements for a device on a crystal of type CP2, with a back 

contact and device treatments labeled by the A row in the corresponding 

table.  The table summarized the behavior of devices as a function of 

back contact and device annealing treatments on CP2-type devices. b) 

JV(T) of the device labeled E indicating a distinct decrease in current-

blocking behaviors at low temperatures. Only a barrier of slight 

magnitude is shown to exist at temperatures below 100ęC. 

scales of secondary barrier formation would further indicate a slow elemental 

diffusion at room temperature 

A lower-energy current barrier exists regardless of the annealing treatment 

applied to these devices. The table in Figure 50 shows a distinct decrease in the Ea 
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value from 150 meV to 85 meV going from a lower work function back contact 

(graphite paste) to a higher one (gold paste). Because a barrier still existed with the Au 

back contact, a higher work-function contact was pursued in MoOx. As evidenced by 

Figure 50b, low-temperature device behavior is dramatically changed between an 

annealed device with a graphite back contact, to a non-annealed device with a MoOx 

one. There does not appear to be any significant current blocking at the temperatures 

employed, although a slight barrier is observed at temperatures below -100ęC with two 

activation energies of 124 ± 15 meV and 42 ± 4 meV. Because the magnitude of the 

current blocking is significantly reduced from the other barriers, it is possible that a 

thermally activated resistance in the MoOx layer is to blame rather than the formation 

of a Schottky contact. 

Taskesen et al. observed similar current-blocking behavior in their devices of 

similar composition as well, attributing it to the formation of ZnSe at the back contact 

and subsequent detrimental valence band alignment.73 This is an unlikely cause in the 

material presented herein due to their single-crystalline nature. The top of the valence 

band in CZTS is primarily dominated hybridized Cu-3d and S-3p states, whereas the 

conduction band minimum is dominated by Sn-5s and S-3p states.23 Maeda et al. 

calculated that a decrease in copper content would subsequently decrease the 

interaction energy between the Cu and anion orbitals, causing a lowering of the both 

the conduction band minimum (CBM) and the valence band maximum (VBM) in Cu-

In-Se compounds.95 The VBM would decrease more dramatically than the CBM, 

leading to a bandgap increase. This phenomenon would be consistent with the 

formation of a Schottky junction at the C/CZTSe back contact interface. Coupled with 

the mitigation of potential fluctuations, this VBM lowering would also explain the 
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observed increase in bandgap for the most copper-deficient devices (composition 

CP2). Alternatively, it is possible that the behavior of the C/CZTSe junction is not 

Ohmic in any of the single-crystalline devices fabricated herein and the high hole 

density of crystals with higher Cu content than CP1 crystals may facilitate tunneling 

through the barrier.96 Crystals of composition CP2 however would not benefit from 

this behavior since their hole concentrations are an order of magnitude lower than 

those of CP1 crystals. 

Back contact barriers have been shown to manifest in admittance 

measurements for multiple thin-film materials; such as the N1 signature in 

Cu(In,Ga)Se3 and the H2 and H3 signatures in CdTe.78,109 A current barrier can result 

in a capacitance step in admittance spectroscopy due the relative contributions of the 

back current junction and the pn-junction. A device with a current barrier can be 

modeled by two series connected diodes of opposite polarity. This results in 

capacitance behavior governed by Equation 13 with a critical frequency ‫  given by 

Equation 14. In these equations CC,j and GC,j are defined by the capacitance and the 

conductance of the Schottky back-contact and the main pn-junction respectively. 

Above ‫ , the capacitance is well defined by a series connection of both capacitances. 

On the low side of the critical frequency, the barrier conductivity is much higher than 

that of the junction, leading to a total capacitance governed by the main junction.78 

The activation energy of ‫  is furthermore governed by the EA of the Schottky barrier. 

 ὅ  (13) 

 ‫  (14) 
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Decock et al. outlined a formalism to characterize the behavior of a current 

barrier during admittance measurements as a function of applied DC voltage bias. In 

the case of where the barrier does block current, the critical frequency of the barrier is 

not expected to depend on the applied bias. However, the scaled derivative of the 

capacitance (‫ὨὅὨevaluated at (‫ ‫  should be proportional to ὠ ὠ  in 

an applied forward bias, and no dependence on applied reverse bias. Figure 51a and b 

shows the critical frequency (represented as the activation energy) for a device of type 

CP2 conditioned in the FB case as a function of applied DC voltage. To within 

measurement error, there is no observed trend, with a static value of EA for both 

capacitive steps. Figure 51c shows the scaled derivative at the critical frequency for 

both steps as a function of applied bias. The low-capacitance step demonstrates the 

same slope at both reverse and forward bias conditioning at all temperatures. The 

high-capacitance step however shows a distinct change in behavior moving from 

reverse-bias to forward biasing conditions at all temperatures, with slight changes in 

behavior between temperatures. Furthermore, the pink curve shows a fit of the -40ęC 

to the expected ὠ ὠ  behavior. A built-in voltage extracted from this fit is 

demonstrated to be approximately 720 mV. While a Vbi was not able to be extracted 

from the non-ideal CV behavior in the FB conditioned device, a value of 630 meV  
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Figure 51: a) and b) show the dependence of activation energy a VDC applied during 

the admittance measurement for the higher and lower capacitance steps 

respectively. A minor dependence may exist for the higher capacitance 

curve, although the measurement error sheds doubt on a trend. c) The 

scaled-derivative ‫  magnitude at the inflection point of the low-

capacitance and high-capacitance steps as a function of applied DC bias 

during the admittance measurement. 

was obtained from the forward bias regime of the CV curves for the LB conditioned 

case at -40ęC. Therefore, the extracted Vbi from the bias-dependent admittance is a 

reasonable value. 

As the back-contact barrier induced by the graphite/CZTSe back contact has 

been shown to have a non-trivial effect on admittance measurements it is thus more 

desirable to use the MoOx contact for further admittance characterization based on the 

JV(T) data of Figure 50. Furthermore, the variation in barrier behavior between this 

section and Section 4.4 speaks toward the need to move toward more reliable back-

contacts. Figure 52a) and d) show the change in admittance spectra for an CP2-type 
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device moving from a carbon-based back contact to a MoOx one. The two-step 

capacitance behavior observed in the previous section reduces to a single step, 

displaying similar behavior to the admittance of the CP1 device. The corresponding 

activation energies of each curve are shown in b) and e). The observation of the two Ea 

behavior reduces to a one which a significantly smaller activation energy near 85 

meV. While evidence was presented in Section 4.4 that the activation energy 

characteristic of the current barrier (RB) did not correspond directly to the extracted 

admittance energies, it is clear that the barrier or barriers have a non-trivial effect on 

the energies extracted. Contrary to that observation, the device here with a graphite 

back contact presents with two EA values from admittance, one of which corresponds 

well to the RB value measured via JV(T), indicating that the barrier has a direct imprint 

on the admittance spectrum.  

Figure 52e) shows the extraction of the activation for the MoOx contacted 

device. The admittance behavior in d) is similar to that of the CP1 device in Figure 49 

in that the inflection points in the Capacitance vs frequency curves lies at too high a 

frequency to probe. Therefore, the constant dC/dV method was used to extract an Ea 

for this device as well (see Figure 49). As this Ea value was extracted on a more 

ideally behaving device, it is believed to result from the ionization of a crystal defect. 

The value of this energy is measured to be 85-90 meV, which is approximately 15-20 

meV greater than that measured for the CP1 device in Section 4.4. Device series 

resistance displayed a thermally activate behavior at temperatures below -20ęC with an  
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Figure 52: Admittance spectroscopy measurements for devices of type CP2 for a 

graphite back contact (a, b and c) and for a MoOx back contact (d,e and 

f). The figures on the far right show the extracted density of states above 

the Fermi-level following the formalism of Walter et al.77 DoS 

measurements for both contacts result in dramatically different 

distributions, indicating that the current barrier in the device of 

measurement a) leads non-defect related to measurement artifacts. 

Activation energies measured in e) were extracted from lines of constant 

dC/dV values as in the previous section on CP1 devices. Fits in e) were 

taken with data in the yellow region. 

ER value of 74 ± 2 meV, similar to the value measured for the CP1 device.  Therefore, 

it seems likely that the VCu Ą CuZn transition of Equation (7) is present in CP2 at low 

temperatures as well. The higher energy of the admittance extracted EA however is 

higher than the energy of this transition, and therefore it is likely this transition arises 

from ὤὲ  defect ionization (90 meV).110 If this is the case, the DoS shown in Figure 








































































































































































































































