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Abstract 

 Quaternary chalcogenides with the formula I2−II−IV−VI4 have emerged as promising 

candidates for photovoltaic materials, but many details about their structures remain poorly 

understood. This thesis describes the synthesis, structure determination, and optical properties of 

the sulfides Cu2MTtS4 (M = Zn, Cd, Hg; Tt = Ge, Sn), prepared as bulk samples by reaction of the 

elements. Their long- and short-range structures were elucidated by a combination of powder X-

ray diffraction and multinuclear solid-state magnetic resonance spectroscopy (63/65Cu, 67Zn, 

73Ge,113Cd, 119Sn, 199Hg). Within the Cu2Zn1−xCdxSnS4 series, 113Cd NMR spectroscopy confirmed 

a phase transition at x = 0.4 and revealed the coexistence of phases with subtly different structures 

(space groups 𝐼4̅ and 𝐼4̅2𝑚) in the intermediate region (x = 0.3–0.4), which were previously not 

apparent from XRD data alone. The 119Sn NMR spectra indicated the Sn atoms are surrounded by 

a random distribution of Zn and Cd atoms within the second coordination sphere; these distinct 

local environments were resolved by their isotropic chemical shifts and quantified by their peak 

areas. A longstanding problem about whether disorder of Cu and Zn atoms occurs in Cu2ZnSnS4 

was resolved by analyzing high-field (21.1 T) 63/65Cu, 67Zn solid-state NMR spectra, in conjunction 

with DFT calculations. Similar problems plague the related compounds Cu2HgSnS4 and 

Cu2GeSnS4. Evidence from 119Sn and 199Hg NMR spectra suggests that ordering occurs in 

Cu2HgSnS4 after annealing, a phenomenon that was not previously detected from XRD data. 

Within the Cu2ZnSn1−xGexS4 series, the influence of Ge substitution for Sn on the local structure 

was monitored by 67Zn solid-state MAS NMR spectroscopy, which showed excellent sensitivity. 

For all these compounds, optical band gaps were determined experimentally from UV-visible 

diffuse reflectance spectra.  Electronic structure calculations were performed to bear further insight 

into the bonding and charge distribution in these compounds.  
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Chapter 1  

Introduction: Chalcogenide photovoltaic materials and solid-state NMR 

spectroscopy 

 

1.1 Quaternary chalcogenides as next-generation photovoltaic materials 

Global energy consumption is increasing dramatically because of population growth, rising 

living standards, and economic progress.1,2 Energy production relies heavily on fossil fuels, which 

will be in short supply in the future3,4 and contribute to global warming.5 To meet growing energy 

demand and to minimize pollution, solar cell technology has been touted as a sustainable energy 

solution.6 Approximately 80% of the current photovoltaic market is based on first-generation 

materials − crystalline Si and polycrystalline-Si wafers with photoconversion efficiency (PCE) 

exceeding 20%.7 This Si-based technology is well established, but other alternatives have been 

proposed as second-generation materials involving thin films and direct gap semiconductors.8 The 

most popular are hybrid metal halide perovskites, which have been developed through intense 

investigation by many scientists so that their PCE now exceeds 25%.7,9,10 Unfortunately, they have 

poor resistance to moisture, and the presence of Pb has precluded their widespread application.11 

Another important class of alternative materials are chalcogenides such as commercially available 

copper indium gallium diselenide (CuIn1−xGaxSe2) and cadmium telluride (CdTe), which are 

highly efficient (PCE of >20%) and stable compared to halide perovskites.12–14 However, they 

contain scarce elements (In, Te) and toxic (Cd, Te) elements. In this regard, Cu2ZnSnS4, also 

known by its mineral name, kesterite, has emerged as an attractive candidate because it shows a 

lower direct band gap (1.5 eV) as well as higher absorption coefficient (104 cm−1), suitable for 
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highly efficient solar cells.15–19 Moreover, kesterite consists of earth-abundant elements of low 

toxicity.  

Rapid progress has been made to improve the PCE in Cu2ZnSnS4-based solar cells. Shin 

et al. first reported a maximum PCE of 8.4% for a pristine Cu2ZnSnS4 absorbing layer created 

using a thermal evaporation process.  The record efficiency is now held by a Cu2ZnSn(S,Se)4 

device whose absorbing active layer was fabricated by a solution-based approach, giving a PCE 

of 12.6%.20 This is still far behind the theoretically estimated efficiency of about 30%.21 The main 

problem that limits further improvement in the performance has been identified as an open circuit 

voltage deficit, which has been attributed to intrinsic point defects and associated band tailing, 

according to experimental and theoretical studies. In a compound consisting of many elements 

such as Cu2ZnSnS4, there are more possibilities for antisite, interstitial, and vacancy defects. Then, 

like a Goldberg machine, more complex strategies are needed to improve efficiency. Among these 

approaches, various cation substitutions have been the most commonly proposed, such as Li or Ag 

for Cu; other divalent metals for Zn; or Ge for Sn.22–28 

 

1.2 Effect of cation substitution on PCE and optical property in Cu2ZnSnS4 

Recent studies have demonstrated that Cd, Hg, and Ge substitution in Cu2ZnSnS4 can 

enhance the performance of thin-film solar cells. Su et al. showed that substitution with 40% Cd 

though a sol-gel method increased the PCE from 5% to 9%.29 They attributed the improvement to 

modification of the conduction band offset at the junction interface, fewer secondary phases (e.g., 

ZnS), and larger crystallite sizes. However, further increase in Cd concentration led to 

deterioration of the performance. Although band tailing remains a problem, the VOC deficit is 

reduced by over 100 mV compared to pristine Cu2ZnSnS4.
29 The average grain sizes of 
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Cu2Zn1−xCdxSnS4 thin films become larger as Cd substitution increases from 0 to 40%. Further Cd 

substitution beyond 60% resulted in a phase transition from the kesterite (𝐼4̅) to the stannite (𝐼4̅2m) 

structure. 

Later, Yan et al. fabricated solar cells from Cu2Zn1−xCdxSnS4 by sulfurizing chemical bath-

deposited CdS on top of co-sputtered Cu/ZnS/SnS precursors, giving an active area efficiency of 

11.5%.24 They found that the band tailing, as assessed by the Urbach tail energy (EUrbach), was 

reduced after Cd substitution. Another strategy for improving PCE is to replace Zn with Hg in 

Cu2ZnSnS4. Kukreti et al. reported a PCE of 11.6% for Cu2HgSnS4, but a maximum PCE of >17% 

is possible to achieve through the design and optimization of materials using 1D-solar cell 

simulation.30 However, no report has been published regarding the effect of partial substitution of 

Zn with Hg on PCE. 

 Of course, substitution with Hg negates the very argument to advocate for Cu2ZnSnS4 in 

the first place. To maintain the requirement of non-toxic materials, an alternative approach is to 

partially substitute Ge for Sn in Cu2ZnSnS4, or in its selenium analogue Cu2ZnSnSe4. The 

hypothesis is that tetravalent Ge is more stable against redox processes than tetravalent Sn, which 

may be susceptible to transform to divalent Sn during device operation.28 That is, Ge substitution 

in Cu2ZnSnS4 and Cu2ZnSnSe4 crystals may reduce recombination centers associated with 

multivalent Sn atoms, potentially improving the stability of the absorber material. Indeed, Kim et 

al. observed substituting Ge in Cu2ZnSnSxSe4−x, with a ratio of Ge/(Sn + Se) of 0.5, increased PCE 

from 4.8% to 6.3%.31 Hages et al. demonstrated that substituting 30% Ge into Cu2ZnSnS4 solar 

cells increased the efficiency from 8.4% to 9.4%.32 Similarly, Giraldo et al. observed that a 4.4% 

nominal substitution of Sn with Ge (using 10 nm thick Ge layer) increased the efficiency from 7 

to 10.1%.33 Additional studies showed that morphology and grain size have a strong influence on 
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performance. Kim et al. fabricated a Cu2Zn(Sn0.78Ge0.22)Se4 thin-film solar cell with a conversion 

efficiency of 12.3%.34 This cell exhibits a reduced VOC deficit of 0.58 V, which was attributed to 

the reduced tailing of the band through control of the Ge/(Sn + Se) ratio. The influence of cation 

substitutions on PCE in Cu2ZnSnS4 is summarized in Table A1.1.  

 Substituting Zn partially or completely with Cd or Hg reduces the band gap of Cu2ZnSnS4, 

which can vary from 1.5 to 1.1 eV, as determined from optical diffuse reflectance spectra and XPS 

measurements.35–37 For Cu2ZnSnS4, the valence band maximum (VBM) mainly consists of 

hybridization of Cu 3d and S 3p orbitals, whereas the conduction band minimum (CBM) mainly 

consists of Sn 5s and S 3p orbitals.29,35 As Zn has a negligible contribution to VBM or CBM, the 

expectation is that replacing Zn with Cd or Hg should not modify the band gap, in contradiction 

to experimental findings. The reasons for this discrepancy remain elusive. On the other hand, Ge 

substitution in Cu2ZnSnS4 increased the band gap from 1.5 to 1.9 eV.38 

The examples described above are often portrayed in the original reports as exaggerated 

claims of clever or rational design to improve photovoltaic efficiency, even though cation 

substitution is a routine and logical approach. The sad truth, as illustrated by the frequent 

discrepancies between theoretical predictions and experimental results, is that there is only a 

superficial understanding of the relationship between structure and properties. In particular, both 

long- and short-range structures of these compounds are surely important. However, a 

comprehensive study of the effect of Cd, Hg, and Ge substitutions on local environments, band 

structure, and chemical bonding is lacking. This thesis aspires to gain insight into the relationships 

among crystal and local chemical structures, band gap, and nature of chemical bonding by making 

use of X-ray diffraction, solid-state NMR spectroscopy, and electronic structure calculations.39–42 
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1.3 Structure of Cu2ZnSnS4 

Cu2ZnSnS4 belongs to a series of compounds with the general formula I2−II−IV−VI4, 

within a much larger family, sometimes called tetrahedral structures or diamond-like 

semiconductors (because of their resemblance to diamond in the sense of being built up from 

corner-sharing tetrahedra). In 1956, the mineralogist V. N. Soboleva discovered naturally 

occurring Cu2(Zn,Fe)S4, which she named kesterite after its locale in Eastern Siberia.43 The 

structure of Cu2ZnSnS4 can be derived from the chalcopyrite structure of CuInS2 through 

aliovalent substitution of In with a mixture of Zn and Sn atoms.44,45 In turn, both kesterite and 

chalcopyrite can be derived from cubic ZnS (zincblende or sphalerite) by approximately doubling 

the unit cell along the c axis and replacing Zn with the corresponding cations (Figure 1.1). There 

are two fundamental cation ordering patterns found among I−III−VI2 structures that obey the octet 

rule: chalcopyrite and CuAu-like structures. In a parallel fashion, the quaternary compound 

Cu2ZnSnS4 is generally recognized as having two possible structures: kesterite (space group 𝐼4̅) 

and stannite-type (space group 𝐼4̅2𝑚), which are derived from chalcopyrite and CuAu-like 

structures, respectively. It has also been proposed that Cu2ZnSnS4 can theoretically adopt another 

structure with a primitive lattice derived from the CuAu structure.46 However, this structure has 

never been experimentally observed, and is dismissed from further discussion. It is unfortunate 

that some of this mineral terminology, which is inherently imprecise, has been propagated in much 

of the current literature on the materials applications of the related synthetic compounds, with the 

result that the language used by practitioners has only served to muddle rather than to illuminate. 

In what follows, precise crystallographic descriptions (space group, site occupations) are provided, 

sometimes redundantly, so that readers are not confused by mineral names. 
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Figure 1.1.  Derivation of Cu2ZnSnS4 from ZnS through aliovalent substitutions. 

 

The distinction in the 𝐼4̅ and 𝐼4̅2𝑚 structures lies in the arrangement of Cu and Zn cations, 

which occupy half of the tetrahedral interstices within cubic closed packed arrangements of S 

anions (Figure 1.2).47–49  The layers of close-packed S atoms are not oriented parallel to the axes 

of the tetragonal unit cell.  One cation arrangement results in planes of Cu–Sn atoms located at z 

= 0 and ½, and planes of Cu–Zn atoms located at z = ¼ and ¾, corresponding to space group 𝐼4̅.  

This structure is often called “kesterite,” even though this mineral name is ambiguous because 

several possible structures have been assigned to it, as explained above.  (Mineral names do not 

imply a one-to-one correspondence with a unique structure type.)  Nevertheless, readers must be 

cautioned that this terminology pervades through the literature.  Another cation arrangement 

results in planes of Zn–Sn atoms located at z = 0 and ½, and planes of exclusively Cu atoms located 

at z = ¼ and ¾, corresponding to space group 𝐼4̅2𝑚. This structure is often called “stannite,” which 

too can be ambiguous because the name actually refers to the mineral Cu2FeSnS4. (Mineral names 

convey information about the chemical composition, but not necessarily their structure.). The 
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major difference is that the Cu atoms occupy two sets of sites (2a, 2c) and lie within all planes in 

𝐼4̅, whereas they occupy one set of sites (4d) and lie within alternate planes in 𝐼4̅2𝑚. The more 

thermodynamically stable structure of Cu2ZnSnS4 is in the first arrangement in space group 𝐼4̅, in 

agreement with most experimental observations.50,51 However, the difference in energy is small, 

and it is conceivable that the alternative structure in 𝐼4̅2𝑚 could be formed, or perhaps coexist 

with the 𝐼4̅ structure, under non-equilibrium conditions.48,52 Finally, disorder of Cu and Zn atoms 

within the 2c and 2d sites is a very real possibility.53,54  This arrangement is then termed 

“disordered kesterite,” and to help obscure matters even further, it also occurs in space group 𝐼4̅.  

The best antidote to the confusion is to be explicit when describing the structure and cation 

arrangements. 

 

Figure 1.2.  Different structural models for Cu2ZnSnS4. 

 

1.4 Problems in structure determination of Cu2ZnSnS4 and related compounds 

The lower than expected PCE of Cu2ZnSnS4 has been attributed to the occurrence of 

disorder of Cu and Zn atoms.55,56 Such a disordering is plausible because Cu and Zn have many 
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chemical similarities (e.g., ionic radii, coordination preferences), and they are difficult to 

distinguish given their nearly identical electron densities. Thus, antisite defects have often been 

proposed in which the Cu sites accommodate a small amount of Zn (designated as CuZn), or 

conversely, the Zn sites accommodate a small amount of Cu (designated as ZnCu). To minimize 

the possibility of such disorder, in hopes that the PCE can be improved, it is sensible to attempt 

partial substitution with larger Cd cations instead of Zn. It remains uncertain whether this Cd 

substitution mitigates the Cu/Zn disorder or whether the disorder actually exists. The direct 

substitution of Cd within Zn sites has also been challenged, and instead, Hadke et al. have proposed 

a two-way cation redistribution pathway in which Cu atoms enter the Zn sites and Cd atoms enter 

the Cu sites in the partially substituted compounds Cu2Zn1-xCdxSnS4.
57 Equivalently, the question 

can be rephrased as follows: Are two (Zn, Cd) or three (Cu, Zn, Cd) atoms involved in the disorder 

in Cu2Zn1-xCdxSnS4? These proposals have been supported primarily by powder X-ray diffraction 

(XRD) measurements and first principles calculations. 

X-ray diffraction has long been regarded as the sine qua non of structure determination.  

Alas, even the mighty have shortcomings. It provides information about the average long-range 

ordering, but not the local environment around atoms. Elements with similar scattering factors, 

such as Cu and Zn, may be difficult to discern (unless different X-ray wavelengths are chosen to 

take advantage of anomalous scattering).49 Although neutron diffraction can distinguish Cu from 

Zn and has been applied to study Cu2ZnSnS4, the high neutron absorption cross-section of Cd 

precludes its use for Cd-substituted compounds.57 In the Hg-containing derivative Cu2HgSnS4, the 

site distribution of cations might be assumed to be analogous to Cu2CdSnS4, but there have been 

conflicting reports.  From powder XRD, Kabalov et al. suggested that the Cu atoms occupy two 

sets of sites (2c, 2d).58 From single-crystal XRD data, Kaplunnik et al. reported that the Cu atoms 
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half-occupy one set of split sites in 8h (0, ½, 0.2498).59 This splitting is so small that merging them 

into fully occupied unsplit sites (4d at 0, ½, ¼) is arguably a better description, corresponding to 

the same structure as Cu2CdSnS4. The major difference is that in the Kabalov model, the Cu-S 

distances are divided into two sets (2.23 and 2.42  Å), whereas in the Kaplunnik model, they are 

divided into one set (2.26 Å). 

The Ge-containing derivative Cu2ZnGeS4 suffers from similar ambiguities. Moodie et al. 

determined its structure using convergent-beam electron diffraction and lattice imaging.60 Later, 

Parasyuk et al. performed a Rietveld refinement for Cu2ZnGeS4. Several publications have 

assumed a structural model without experimental verification.61–64 There are occasional reports in 

the literature that propagate a misunderstanding that the space group, I4̅ vs 𝐼4̅2𝑚, and the detailed 

distribution of cations can be inferred by inspecting the degree of tetragonal distortion, as gauged 

by the ratio c/2a, from the observation of peak splitting in powder XRD patterns.  For example, 

Khadka et al. proposed that Cu2ZnGeS4 adopts an I4̅ structure based on this type of misguided 

argument.38 To be sure, determining the detailed structure of a multicomponent compound such as 

Cu2ZnSn1−xGexS4, which might be susceptible to many types of cation disorder, is extremely 

challenging by XRD methods alone.65 To resolve the structural ambiguities imparted by these 

complex cation substitutions, an experimental method is needed that can inform about the local 

environments around atoms. 

 

1.5 Solid-state NMR spectroscopy 

The nuclear magnetic resonance (NMR) phenomenon was first observed by Isidor I. Rabi 

and coworkers by applying a radio frequency field in a molecular beam of LiCl in 1937.66 In 1945, 
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Felix Bloch utilized the NMR technique on solid paraffin.67,68 In the same year, independently, 

Edward Mills Purcell carried out NMR experiments on a liquid water sample. 

Solid-state NMR spectroscopy provides complementary information to diffraction 

methods and has been used to analyze structure and dynamics of solids.69 It has been applied to 

diverse materials, including porous structures, nanomaterials, organometallic compounds, and 

disordered solids (glasses, amorphous solids, biological samples).70–74 It reveals information about 

chemical environments, ion dynamics, particle sizes, crystallinity, phase segregation, kinetics, and 

cation distributions.75–77 In particular, it has been used to investigate cation and anion distributions 

in Cu2ZnSnS4, (Cu1−xLix)2ZnSnS4, Cu2ZnSn(S1−xSex)4, Cu2ZnSn1-xSixS4, and Cu2ZnGeS4. Given 

this precedent, it is reasonable that solid state NMR spectroscopy can be similarly successful to 

tackle the problems discussed above in Cu2Zn1−xMxS4 (M = Zn, Cd, Hg) and Cu2ZnSn1−xGexS4.
77–

81 

A detailed discussion of NMR theory is beyond the scope of this thesis; however, a brief 

overview of some relevant fundamental NMR concepts and terms is presented below.82–84 

Properties of all NMR active nuclei for the quaternary chalcogenides studied here are given in 

Table 1.1.85 

 A general Hamiltonian describing the NMR interaction is given by: 

 Ĥtotal =  ĤZ + ĤMS + ĤDD + ĤJ + ĤQ 

 

(1.1) 

 

where ĤZ describes the Zeeman interaction, ĤMS is the magnetic shielding term, ĤDD is the direct 

dipolar interaction, ĤJ is the indirect spin-spin interactions, and ĤQ represents the quadrupolar 

interaction.86 The magnitude of these interactions varies from <1 Hz to 109 Hz. Spin interactions 

are classified as external interactions, which refer to the interaction of nuclear spins with external 
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magnetic fields (static magnetic field, B0 and oscillating magnetic field, B1), or internal 

interactions, which refer to the interactions among spins. 

 

Table 1.1. Properties of NMR active nuclei in the quaternary chalcogenides 

 

The Zeeman interaction is referred to as an external interaction, and other interactions 

mentioned above are internal interactions. Because the internal interactions are influenced by the 

structure of the compounds or molecules, they provide structural information. For simulation and 

explanation of NMR phenomena, the high-field approximation is generally used, which assumes 

that Zeeman interactions are much larger than all external and internal interactions; thus, this 

internal interaction can be considered as perturbations on the Zeeman Hamiltonian. 

 

Isotopes Nuclear spin (I) Natural 

abundance (%) 

Frequency ratio 

 (%)  

Quadrupole 

moment (fm2) 

33S 3/2 0.76 7.7 −6.78 

63Cu 3/2 69.2 26.5 −22.0 

65Cu 3/2 30.8 28.4 −20.4 

67Zn 5/2 4.1 6.2 15.0 

73Ge 9/2 7.7 3.5 −19.6 

113Cd 1/2 12.2 22.2 – 

119Sn 1/2 8.6 37.3 – 

199Hg 1/2 16.9 17.9 – 
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1.5.1 The Zeeman interaction 

The Zeeman interaction is the interaction between a magnetic moment and an applied 

magnetic field. In the absence of a magnetic field, nuclei have the same energy (i.e., they are 

degenerate), on average. In the presence of a magnetic field, the nuclear spin energies become non-

degenerate (Figure 1.3). For a nucleus with spin I, the energies split into (2I + 1) states, evenly 

spaced. Each energy level is related to a magnetic nuclear spin quantum number, mI, where mI = 

+I, +I −1, +I − 2, …, −I.87,88 With an externally applied magnetic field B0, the Zeeman Hamiltonian 

can be written as:89 

     Ĥ𝑧  =  − ℏB0Îz (1.2) 

 

where γ is the gyromagnetic ratio, ℏ is the reduced Planck’s constant, and Îz is the z-component of 

the spin angular momentum operator of the nucleus. The external magnetic field is considered to 

be applied along +z direction in the laboratory frame. The energy eigenvalue can be derived from 

the Zeeman Hamiltonian as: 

 𝐸 =  −𝑚𝛾ℏ𝐵0 (1.2) 

 

The difference between these energy levels depends on the applied magnetic field strength, which 

can be expressed for I = 1/2 as: 

 𝛥𝐸 =  𝐸
−

1

2

 −  𝐸
+

1

2

  =   𝛾ℏ𝐵0 =  ℎνL   (1.3) 
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Figure 1.3.  Energy level diagram for a spin I = 1/2 nucleus showing splitting due to Zeeman 

interaction in an applied magnetic field. 

 

The Larmor frequency refers to the rate at which the magnetic moment precesses about the external 

magnetic field and is described by: 

 
νL =  

γ𝐵0 

2𝜋
 

(1.4) 

 

The Larmor frequency, which reflects the Zeeman splitting in the applied magnetic field, is unique 

to each NMR-active isotope and increases with increasing magnetic field. The Larmor frequency 

typically falls into the radiofrequency region, i.e., on the order of MHz. 

The ratio of populations in different energy states is determined by the Boltzmann 

distribution at thermal equilibrium, according to:88 

 𝑛𝛽

𝑛𝛼
  = 𝑒−

𝛥𝐸
𝑘𝑇 = 𝑒−

𝛾ℏ𝐵0
𝑘𝑇  

(1.5) 

 

where 𝑛𝛼 and 𝑛𝛽 are the populations of the lower and upper energy spin states. This ratio becomes 

greater as the energy difference between nuclear spin states becomes larger and as the temperature 

decreases. Thus, the signal can be enhanced by controlling the temperature and magnetic field 
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strength. Compared to other spectroscopic methods such as UV-visible and vibrational 

spectroscopy, the differences in population between spin states are small, so that NMR 

spectroscopy is not particularly sensitive. Nevertheless, the structural information obtained from 

NMR data is valuable, making it worthwhile to expend the effort to get good data. 

 

1.5.2 Magnetic shielding and chemical shift 

The magnetic field experienced by the nucleus of an atom depends on the local electronic 

environment, which generates a secondary field that adds to the overall magnetic field that is felt 

there, causing the resonance frequency of the nucleus to be altered. The magnetic shielding 

Hamiltonian can be described by equation 1.7, where σ is the second rank shielding tensor.90 

 Ĥ𝑀𝑆 =    ℏσB0Îz (1.6) 

 

This magnetic shielding (MS) tensor can be diagonalized to yield a tensor with three 

principal components in its principal axis system (PAS). The tensor components are ordered such 

that σ11 is the least shielded, and σ33 is the most shielded, i.e., σ11 ≤ σ22≤ σ33. 

 𝜎 = [

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

]                    diagonalization                𝜎𝑃𝐴𝑆 = [
σ11 0 0
0 σ22 0
0 0 σ33

] 
(1.7) 

 

The MS tensor is non-symmetric and non-traceless (i.e., the sum of the diagonal 

components is non-zero). Equation 1.6 shows that magnetic shielding anisotropy (chemical shift 

anisotropy, CSA) is proportional to the external magnetic field; hence, higher fields cause 

broadening due to CSA. The magnetic shielding is with respect to a bare nucleus and is difficult 

to measure experimentally. For this reason, chemical shift values are often cited instead of 

shielding values. The chemical shift term can then be calculated using the resonance frequencies 

of the sample (𝜈sample) and a reference standard (𝜈ref). 
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 𝛿iso =  
νsample − 𝜈ref

𝜈ref
 (1.8) 

 

 𝛿sample =  
σref − σsample

1 − σref
 ≈ σref − σsample (1.9) 

 

Chemical shifts are typically expressed in parts per million (ppm), which are independent of the 

frequency of the spectrometer. 

For a solution sample, sharp resonances are usually observed because the rapid tumbling 

of molecules averages out the anisotropic effects of the MS tensor.  In contrast, for a solid 

powdered sample, crystallites are randomly oriented within a magnetic field, each orientation 

having a difference resonance frequency and giving rise to a “powder pattern” in the non-spinning 

NMR experiment (Figure 1.4). The principal components of the shielding tensor, which vary in 

symmetry and structure, determine the shape of the CSA powder patterns. CSA interactions are 

reported in this thesis according to the Herzfeld-Berger convention.91 The notation is given below, 

where principal components are ordered such that 11 ≥ 22 ≥ 33. 

 
𝛿iso =  

σ11 + σ22 + σ33

3
 =  

11 + 22 + 33

3
 

(1.10) 

 

                                   =  σ33 − σ11  =  11 −  33 (1.11) 

 

 
                                 𝜅 =  

3(σiso − σ22)

 
 =  

3(𝛿22 − iso)

 
 

(1.12) 

 

The isotropic chemical shift 𝛿iso represents the average chemical shift, the span Ω represents the 

breadth of the powder pattern, and the skew κ is a dimensionless value which describes the shape 
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of the powder pattern. In the case of axially symmetric tensors, 11 = 22 (κ = +1) or 22 = 33 

(κ = −1). 

 

Figure 1.4.  Spectral simulations of solid-state 119Sn (I = 1/2) NMR powder patterns at 9.4 T (νL = 

149.2 MHz, δiso = 0 ppm, Ω = 200 ppm) with different κ values. Non-spinning spectra were 

simulated using the WSolids program.92 

 

 According to Ramsey, magnetic shielding is the sum of diamagnetic, paramagnetic and 

spin orbit contributions (𝜎𝑡𝑜𝑡𝑎𝑙 =  𝜎𝑑 + 𝜎𝑝 + 𝜎𝑠𝑜).93 The diamagnetic shielding part arises from 

the circulation of electrons near the nucleus, which generates a local magnetic field antiparallel to 

the external magnetic field. Paramagnetic deshielding arises from magnetic field induced mixing 

of the ground state and excited energy states having the proper symmetry, which typically results 

in a local magnetic field parallel to the applied magnetic field, thereby deshielding the nucleus.94 

The deshielding depends approximately inversely to the average excitation energy values. Hence, 

the smaller excitation energy leads to a larger deshielding with respect to the bare nucleus. The 

spin orbit term can further influence the magnetic shielding, especially for heavier metals such as 
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Pb and Hg. Unfortunately, the theoretical method applied in this thesis cannot account for spin 

orbit contributions.  

1.5.3 Direct dipolar and indirect spin-spin coupling 

The internal direct dipolar coupling is an interaction between the magnetic moments of the 

two nuclei, I and S, through space.95 For dipolar coupling, atoms containing I and S nuclei do not 

need to be bonded; they just need to be within proximity. The dipolar interaction increases 

proportionally to the gyromagnetic ratios of the nuclei involved and is inversely proportional to 

the cube of the internuclear distance; however, it is independent of magnetic field strength. 

Therefore, if the natural abundance and gyromagnetic ratio of one of the nuclei of interest are very 

low (e.g., coupling with 33S), NMR spectra are expected to be dominated by other interactions. 

The indirect spin-spin interaction, better known as J-coupling, is the interaction between 

two magnetic dipole moments, I and S, mediated by the electrons in molecular orbitals that are 

involved in chemical bonding, as occurs in covalent or hydrogen bonding.96 This effect dominates 

in liquid-state NMR, for example. In solids, J-coupling is typically overpowered by CSA and 

quadrupolar interactions for I > 1/2. The detailed discussion of dipolar and J-coupling is beyond 

the scope of this thesis. 

 

1.5.4 Quadrupolar interaction 

The majority of nuclei (>70%) potentially observable in NMR experiments have a nuclear 

spin of I > 1/2 and are referred to as quadrupolar nuclei.89,97 They have both a magnetic dipole 

moment and a nuclear electric quadrupole moment (eQ, where e is the elementary charge and Q is 

the quadrupolar moment), which results from a non-spherical charge distribution at the nucleus. 
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The value of eQ is constant for a given nuclear species and does not change with the chemical 

environment of the nucleus.98 

 

Figure 1.5.  Nuclear charge distribution for spin I = 1/2 (spherical) and I > 1/2 (prolate and oblate). 

The arrow indicates the direction of the magnetic field. 

 

The charge distribution can be prolate or oblate in shape, corresponding to positive or 

negative quadrupole moments, respectively (Figure 1.5). Any electric field gradients (EFG) 

produced by surrounding electrons will interact with the quadrupole moment. This non-magnetic 

interaction is known as quadrupole coupling, and its strength is determined by the magnitude of 

the EFG as well as the size of the quadrupole moment. 

Under the high-field approximation, which assumes that the internal NMR interactions are 

negligible compared to the Zeeman interaction, the impact of the quadrupole coupling interaction 

can be described by the first two terms of the quadrupolar Hamiltonian, i.e. 𝐻𝑄 =  𝐻𝑄
1 + 𝐻𝑄

2 , where 

𝐻𝑄
1 and 𝐻𝑄

2 are the first and second order quadrupolar Hamiltonians, respectively.97 
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Figure 1.6.  Energy level diagram showing the effect of the Zeeman, first and second order 

quadrupolar interactions for an I = 3/2 nucleus. 

 

Using 𝐻𝑄
1, one can derive the first order perturbation to the frequency (𝜈𝑄

1) for a transition between 

nuclear spin states (𝑚 – 1) and 𝑚 expressed as:99 

 𝜈𝑄
1 =  

𝜈𝑄

4
 (1 − 2𝑚)(3 cos2 𝜃 − 1 + 𝜂 sin2 𝜃 cos 2𝜑) (1.13) 

 

where θ and 𝜑 are the polar angles relating the principal axes of the EFG tensor with respect to the 

direction of the applied magnetic field. 

For a nucleus with I = 3/2, a total of 2I + 1 = 4 energy levels and three transitions (single 

quantum) — a central transition (CT, mI = +1/2 ↔ mI = −1/2) and two satellite transitions (ST, 

−1/2 ↔ −3/2 and 1/2 ↔ 3/2) are possible (Figure 1.6). From Equation 1.13, it is evident that CT 

is not affected by the first order quadrupolar term (𝐻𝑄
1 ), but the ST is perturbed.100 Consequently, 

the satellite transitions are broadened substantially, often making them difficult to observe. In most 

cases, the quadrupolar interaction can be very large; a second order perturbation theory must be 



20 

 

used to accurately describe the observed spectrum, because a first order approximation is 

insufficient. The effect of 𝐻𝑄
2  on CT for quadrupolar nuclei is much more complicated than 𝐻𝑄

1. It 

affects all energy levels and results in broadening and shift of the CT. The second order 

quadrupolar perturbation is inversely proportional to the Larmor frequency. Hence, with increasing 

magnetic field strength, the breadth of the CT decreases (assuming CSA is absent or very small).  

The Hamiltonian describing the quadrupolar interaction can be written as:99 

 Ĥ𝑄 =
𝑒𝑄

2𝐼(2𝐼−1)ħ
ÎVÎ  (1.14) 

 

Similar to magnetic shielding interaction, V  is a second rank symmetrical EFG tensor used to 

describe the quadrupolar interaction. 

 
𝑉𝑃𝐴𝑆 = [

𝑉𝑥𝑥 0 0
0 𝑉𝑦𝑦 0

0 0 𝑉𝑧𝑧

] 
(1.15) 

 

V can be diagonalized to determine the principal components of the tensors in its own PAS. The 

tensor components are defined such that |𝑉𝑥𝑥| ≤ |𝑉𝑦𝑦 ≤ |𝑉𝑦𝑦| and is traceless such that 𝑉𝑥𝑥 + 𝑉𝑦𝑦 + 

𝑉𝑧𝑧 = 0.  The quadrupolar interaction is typically described by the nuclear quadrupolar coupling 

constant (CQ) and asymmetry parameter (η), which are given in Equations 1.16 and 1.17, 

respectively. 

 
𝐶𝑄 =

𝑒𝑄𝑉𝑧𝑧

h
 

(1.16) 

 

 
𝜂 =  

𝑉𝑥𝑥 − 𝑉𝑦𝑦

𝑉𝑧𝑧
 

(1.17) 

 

𝐶𝑄 describes the magnitude of the quadrupolar interaction, and η describes the asymmetry of the 

quadrupolar interaction. 
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Figure 1.7.  Simulated solid-state NMR powder pattern of non-spinning 65Cu (I = 3/2) at 9.4 T (νL 

= 113.6 MHz, δiso = 0 ppm, Ω = 0) with varying CQ while η is constant (η = 0) and varying η while 

CQ is constant (CQ = 5 MHz). Spectra were simulated using the WSolids program.92
 

 

 All EFG tensor orientations are present in a powdered sample,101 similar to the case of MS 

tensors, which results in characteristic powder patterns as shown in Figure 1.7. Based on the 

shapes of these patterns, the EFG parameters 𝐶𝑄 and 𝜂 can be determined. A nucleus can have a 

𝐶𝑄 of zero if it resides in a highly symmetric environment, such as an ideal tetrahedral or octahedral 

environment or in highly dynamic environment. The asymmetry parameters 𝜂 (0≤ 𝜂 ≤1)  define 

the shape of the quadrupolar powder pattern. If a nucleus has axially symmetric EFG tensors 

(𝑉𝑥𝑥 = 𝑉𝑦𝑦), 𝜂 will be 0. 

 

1.5.5 Magic-angle spinning 

 Fast molecular tumbling in solution results in an average of chemical shielding, dipolar 

interactions, and attenuates the first order quadrupolar interactions, leading to the observation of 
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sharp resonances for isotropic chemical shifts. However, molecules are not reoriented isotropically 

in solids. Solid-state NMR spectra are typically collected on powdered samples, which contain 

numerous crystallites oriented in all possible orientations with respect to the external magnetic 

field, resulting in broad powder patterns whose line shapes are determined by the anisotropic 

interactions − CSA, dipolar interactions, and quadrupolar interactions. The magic angle spinning 

(MAS) technique, which was developed independently by Andrew et al. and Lowe, is used to 

narrow the broad powder patterns.102,103 The sample is spun rapidly at frequencies in the kHz range, 

with its rotation axis aligned at 54.735°, with respect to the external magnetic field (Figure 1.8a). 

The spatial orientational dependence of a number of NMR interactions contains the common 

anisotropy term (3 cos2 𝜃 − 1), where θ is the angle between the internuclear vector and the 

external magnetic field, B0. When θ = 54.735°, the term (3 cos2 𝜃 − 1) vanishes; therefore, if a 

solid sample is spun at “infinite” speed, the spatial dependencies can average out to 0, and the 

isotropic peak will remain. As it is impossible to spin infinitely fast, in most cases, MAS can 

attenuate these anisotropic interactions but cannot eliminate them completely. However, if the 

spinning rate of the sample is greater than the magnitude of the anisotropic interaction, it is possible 

to average out the anisotropic interactions completely for nuclei with I = 1/2. At slower spinning 

speeds, lines known as spinning sidebands are produced in addition to the isotropic resonance peak 

(Figure 1.8b). These spinning sidebands have intensities that are determined by the CSA (if CSA 

dominates), and they are separated from the isotropic peak by integer multiples of the spinning 

speed, as shown in Figure 1.8b for 12 kHz spinning. 



23 

 

 

Figure 1.8.  (a) Schematic diagram of a spinning rotor that is aligned at the magic angle (54.735o) 

relative to B0. (b) Simulated solid-state NMR spectra for a 119Sn nucleus at 9.4 T (νL = 149.2 MHz, 

δiso = 0 ppm, Ω = 200 ppm, κ = 0) at various spinning speeds. Spectra were simulated using the 

WSolids program.92 

 

 The MAS technique cannot completely average out the second order quadrupolar 

anistotropic interaction because of its complex angular dependence. The second order quadrupolar 

interaction contains Legendre polynomial terms of second (3 cos2 𝜃 − 1) and fourth order 

(35 cos4 𝜃 − 30 cos2 𝜃 + 3).104 Under MAS conditions, the second rank Legendre polynomial 

becomes zero, whereas the fourth rank is averaged only partially (Figure 1.9). Therefore, it is 

impossible to completely average out second order quadrupolar anisotropy through spinning at 

any one angle. Although MAS is not completely effective in removing second order quadrupolar 

broadening, it can reduce the breadth of an NMR powder pattern by approximately 60−70%. 
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Figure 1.9.  Comparison of non-spinning and MAS solid-state NMR spectra for 65Cu (I = 3/2) at 

9.4 T (νL = 113.6 MHz). NMR spectra were simulated with δiso = 0 ppm, CQ = 5.0 MHz, Ω = 0. 

Spectra were simulated using the WSolids program.92 

 

1.5.6 Nuclear relaxation processes 

NMR relaxation processes can be classified into two types: longitudinal (or spin-lattice) 

and transverse (or spin-spin).105,106 A sample placed in a magnetic field will undergo changes in 

the nuclear spin orientation until an excess of the lower energy 𝑛𝛼 nuclear spin state is populated. 

After the perturbation with the radio frequency pulse, the longitudinal relaxation time, as defined 

by the 𝑇1 relaxation time constant, restores the bulk magnetization, 𝑀𝑧, to thermal equilibrium (𝑀 

= 𝑀0) along the applied field direction, i.e., z direction. In this process, the nucleus exchanges heat 

with the lattice. 𝑇1 can be measured using a spin-lattice relaxation experiments such as inversion 

or saturation recovery and can be expressed by Equation 1.18. 

 
𝑀𝑧  = 𝑀0 (1 − 𝑒

−𝑡
𝑇1 ) 

(1.18) 
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During transverse relaxation, phase coherence or randomization of spins in the transverse 

direction (x−y) is lost, resulting in the loss of transverse magnetization. The free-induction decay 

rate is determined by spin-spin relaxation (𝑇2) can be expressed as: 

 
𝑀𝑥𝑦  = 𝑀𝑥𝑦(0) 𝑒

−𝑡
𝑇2  

(1.19) 

 

𝑀𝑥𝑦(0) and 𝑀𝑥𝑦 represent the net magnetization in the x−y plane at times 𝑡 = 0 and any other time 

(𝑡 ≠ 0), respectively. In this process, energy is transferred to neighbouring nuclei. Resonances are 

typically heterogeneously broadened, i.e., the linewidth is determined by the distribution of local 

environments and associated minor variations in the interactions as described above. Also, 

inhomogeneous broadening can be caused by magnetic field inhomogeneities in the sample. When 

the linewidth is inhomogeneously broadened, the 𝑇2 constant, is referred to as effective 𝑇2 or 𝑇2
∗. 

The value of 𝑇2
∗ is always equal to or shorter than T2. 

 To obtain quantitative results for NMR spectra, spectroscopists typically set the relaxation 

delay to 5𝑇1. Note that 𝑇1 and 𝑇2 relaxations occur simultaneously and are caused by the 

fluctuating local magnetic field. These relaxation measurements can further aid in analyzing NMR 

data as well as provide insights into ion dynamics. 
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Chapter 2  

Mere anarchy is loosed: structural disorder in Cu2Zn1−xCdxSnS4 

 

2.1 Introduction 

 Quaternary chalcogenides M2M´TtCh4 (M = Cu, Ag; M´ = divalent metals such as Fe or 

Zn; Tt = Si, Ge, Sn; Ch = S, Se) have emerged as attractive candidates for photovoltaic materials 

fabricated from earth-abundant and inexpensive elements.1,2 The most well studied, Cu2ZnSnS4, 

exhibits a suitable band gap of 1.5 eV, a considerable absorption coefficient of 104 cm−1, and a 

power conversion efficiency of about 8.4%.3 It has been proposed that disorder of similarly sized 

Cu and Zn atoms within the same sites (“antisite defects”) results in deleterious band-tailing 

effects, which limit the efficiency.4,5 Efforts to increase the efficiency in Cu2ZnSnS4 have focused 

on substitution with larger cations (e.g., Ag for Cu; Cd for Zn), on the premise that this may help 

to reduce the disorder.6 In particular, the partial substitution of Cd for Zn has meaningfully 

improved the efficiency to as high as 11% in Cu2Zn0.6Cd0.4SnS4.
7 To be sure, the use of Cd 

reintroduces the vexing problem of toxicity, which should be avoided in designing new 

photovoltaic materials. Nevertheless, because these compounds offer such promising advances, it 

is worthwhile to probe the structural changes that occur upon Cd substitution, to gain insight which 

will provide further understanding on how to improve the photovoltaic efficiency of these and 

related compounds. 

 The chalcogenides M2M´TtCh4 generally adopt two types of tetragonal structures:  

Cu2ZnSnS4-type (space group 𝐼4̅) and Cu2FeSnS4-type (space group 𝐼4̅2𝑚).8 These names are 

accepted, as also established in Pearson’s Crystal Data, to serve as unique labels for the crystal 
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structures in the space groups indicated.9 These structures are also frequently described by their 

mineral names: kesterite originally referred to Cu2ZnSnS4, and stannite to Cu2FeSnS4. However, 

Cu2ZnSnS4 itself has been modeled in both space groups 𝐼4̅ and 𝐼4̅2𝑚, with varying degrees of 

site disorder.10,11 To avoid confusion, it is perhaps best to avoid the mineral names and simply 

express the structural models explicitly. 

 

Figure 2.1.  Cation site distributions as Cd substitution (x) increases in Cu2Zn1−xCdxSnS4.  For x = 

0−0.3, Cd substitutes for Zn in the 2d site in the structure in space group 𝐼4̅; for x = 0.4−1.0, Cd 

substitutes for Zn in the 2a site in the structure in space group 𝐼4̅2𝑚. 

 

 In most studies of the solid solution Cu2Zn1−xCdxSnS4, where x represents the proportion 

of Cd substituted for Zn, an abrupt structural transition has been proposed to take place at around 

x = 0.4.7,12−18. The structure adopted by the lightly Cd-substituted members (x = 0−0.3) is in space 

group 𝐼4̅, whereas the structure adopted by the more heavily Cd-substituted members (x = 0.4−1.0) 

is in space group 𝐼4̅2𝑚 (Figure 2.1).  All cations are centered within tetrahedral sites lying on 

planes at z = 0, ¼, ½, and ¾.  The 𝐼4̅ structure of Cu2ZnSnS4 contains planes of Cu−Sn (z = 0), 

Cu−Zn (z = ¼), Cu−Sn (z = ½), and Cu−Zn atoms (z = ¾).  The 𝐼4̅2𝑚 structure of Cu2CdSnS4 

contains planes of Cd−Sn (z = 0), Cu (z = ¼), Cd−Sn (z = ½), and Cu atoms (z = ¾).  The key 
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difference is that the Cu atoms occupy two sets of sites (2a, 2c) and lie within all planes (z = 0, ¼, 

½, ¾) in Cu2ZnSnS4, whereas they occupy one set of sites (4d) and lie within alternate planes (z = 

¼, ¾) in Cu2CdSnS4. The group-subgroup relationships in Cu2Zn1−xCdxSnS4 are presented in more 

detail in Figure A2.1 in Appendix 2. 

 In addition to the basic models described above for Cu2Zn1−xCdxSnS4, in which only 

disorder of Zn and Cd atoms occurs within the sites in the parent structures, more complex models 

have been proposed in which Zn and Cd atoms also disorder within the Cu sites in the 𝐼4̅ (“partially 

disordered kesterite”) or 𝐼4̅2𝑚 structures (“disordered kesterite”).16,17 Further, the simple 

substitution of Cd within Zn sites has been challenged, and instead, a continuous transformation 

has been suggested to take place in which Cu enters the Zn sites, and Cd enters the Cu sites on 

progressing from Cu2ZnSnS4 to Cu2CdSnS4.
16 In short, the central question is whether the disorder 

in Cu2Zn1−xCdxSnS4 involves two (Zn, Cd) or three (Cu, Zn, Cd) atoms. Evidence for these 

proposals has come primarily from powder X-ray diffraction measurements and first-principles 

calculations. 

 Determining the site distributions in Cu2Zn1−xCdxSnS4 by X-ray diffraction alone is not 

straightforward, especially when the disorder of up to three atoms (Cu, Zn, Cd) is invoked. In 

particular, Cu and Zn atoms are difficult to distinguish by X-ray diffraction because they have 

similar scattering factors. Although neutron diffraction has been used to examine Cu2ZnSnS4,
10,11 

it is not easily extended to Cu2Zn1−xCdxSnS4 because Cd has very high neutron absorption cross-

sections. An attractive solution is to apply solid-state nuclear magnetic resonance (NMR) 

spectroscopy, which can provide information about the local environment around specific 

elements.  Multinuclear 65Cu, 67Zn, and 119Sn NMR spectroscopy have been recently used to study 

the cation distribution in Cu2ZnSnS4, Cu2ZnSn(S1−xSex)4, and Cu1−xLixZnSnS4.
19−24 
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 Given the competing proposals for the cation site distributions in Cu2Zn1−xCdxSnS4, we 

present here a detailed analysis of their solid-state 63Cu, 67Zn, and 119Sn NMR spectra, 

complemented by powder X-ray diffraction (XRD) measurements. To clarify the disorder of Cu 

and Zn atoms, the experimental 63Cu and 67Zn NMR spectra are compared with quantum chemical 

calculations. The optical band gaps, as measured by UV-visible spectroscopy, were monitored as 

a function of Cd substitution and correlated with the NMR chemical shifts. 

 

2.2 Materials and methods 

2.2.1 Synthesis 

 Starting materials were Cu powder (99.5%, Alfa-Aesar), Zn grains (99.9%, Baker), Cd 

powder (99.5%, Alfa-Aesar), Sn powder (99.9%, Cerac), and S flakes (99.99%, Sigma-Aldrich).  

Members of the solid solution Cu2Zn1−xCdxSnS4 (x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0) were 

prepared from stoichiometric mixtures of the elements, which were ground together, pressed into 

pellets, and loaded into carbon-coated fused silica tubes.  The tubes were evacuated and sealed.  

They were placed in a box furnace where they were heated to 250 C over 5 h, held there for 2 h, 

then heated to 800 C over 11 h, held there for 4 d, and then cooled to room temperature over 24 

h.  The samples were ground, pressed into pellets, loaded into fused silica tubes, and subjected to 

a second heat treatment at 800 C for 48 h, followed by cooling to room temperature over 24 h. 

 

2.2.2 X-ray diffraction and energy-dispersive X-ray analysis 

 Powder X-ray diffraction patterns were collected on an Inel powder diffractometer 

equipped with a curved position-sensitive detector (CPS 120) and a Cu K1 radiation source 

(1.5406 Å) operated at 40 kV and 20 mA.  The patterns were analyzed using the FullProf suite of 
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software, with the profiles fitted by the Le Bail method.25,26 Samples were examined on a Zeiss 

Sigma 300 VP field-emission scanning electron microscope, operated at an accelerating voltage 

of 15 kV.  Elemental compositions were obtained by energy-dispersive X-ray (EDX) analysis. 

 

2.2.3 Diffuse reflectance spectroscopy 

 Optical diffuse reflectance spectra were measured from 200 nm (6.2 eV) to 2000 nm (0.6 

eV) on a Cary 5000 UV-vis-NIR spectrophotometer equipped with a diffuse reflectance accessory.  

BaSO4 was used as a 100% reflectance standard.  The reflectance spectra were converted to optical 

absorption spectra using the Kubelka-Munk function, F(R) = /S = (1–R)2/2R, where F(R) denotes 

the ratio of absorption coefficient () and scattering coefficient (S), and R is the reflectance.27,28 

 

2.2.4 Solid-state NMR spectroscopy 

 NMR spectra were acquired at 9.4 T (400 MHz, 1H) on a Bruker Avance III HD 400 NMR 

spectrometer equipped with a double resonance 4-mm H/X MAS Bruker probe (119Sn, 113Cd) or at 

21.1 T (900 MHz, 1H) on a Bruker Avance II 900 NMR spectrometer equipped with a double-

resonance 4-mm H/X MAS Bruker probe (119Sn, 63Cu, 67Zn).  Samples were ground and packed 

under dry nitrogen into 4 mm (119Sn, 113Cd, 67Zn, 63Cu non-spinning) or 2.5 mm (63Cu MAS) outer 

diameter ZrO2 rotors. 

 119Sn NMR.  Tin-119 NMR spectra were acquired at 9.4 T under both non-spinning and 

MAS (ωr/2π = 14 kHz) conditions. For the end-members, Cu2ZnSnS4 and Cu2CdSnS4, non-

spinning spectra were also collected. A rotor-synchronized Hahn-echo sequence (π/2–τ–π–ACQ) 

with τ of 30 μs (non-spinning) or 71 μs (MAS) was used. Spectra were acquired using a π/2 pulse 

of 4 μs (γB1/2π = 62.5 kHz), recycle delays of 150−700 s, and 1000–2000 co-added transients. The 
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spectra were referenced to tetramethyltin at δiso = 0 ppm by setting the chemical shift of external 

standard solid tetracyclohexyltin to −97.5 ppm.29 

 Non-spinning 119Sn NMR spectra for Cu2ZnSnS4 were also acquired at 21.1 T, with a solid-

echo π/2 pulse of 6 μs (γB1/2π = 41.6 kHz), interpulse delay of 30 μs, a recycle delay of 240 s, and 

256 co-added transients.  The spectra were referenced with powdered SnO2 (−604.3 ppm) as an 

external standard relative to tetramethyltin (δiso = 0).30 

 113Cd NMR.  Cadmium-113 NMR spectra were acquired at 9.4 T, with a Hahn-echo pulse 

sequence (τ = 30 μs for non-spinning and 71 μs for MAS (ωr/2π = 14 kHz)), π/2 of 4 μs (γB1/2π = 

62.5 kHz), a recycle delay of 120 s and 2048−4096 co-added transients.  For Cu2CdSnS4, only 

non-spinning spectra were collected. Spectra were referenced to solid Cd(NO3)24H2O at −100 

ppm.31 

 63Cu NMR.  Copper-63 NMR spectra were acquired at 21.1 T using a solid-echo pulse 

sequence (π/2–τ–π/2–ACQ), with a π/2 pulse of 1 μs (solid γB1/2π  = 125 kHz), a recycle delay of 

2 s, and 1000−8000 co-added transients.  The samples were spun at 31.25 kHz.  Non-spinning 

spectra were obtained using a home-built 4 mm static solenoid probe (pure Ag R.F. coil to 

minimize probe background from Cu metal), with a modified solid echo pulse sequence involving 

a recycle delay of 2 s and 512 co-added transients.  Quantitative data were acquired using a short 

tip angle (0.2 μs) Bloch pulse experiment. Triple quantum MAS (3QMAS) NMR spectra were 

acquired using a three-pulse sequence with a z-filter where pulses were optimized for maximum 

transfer efficiency (63Cu: P1 = 3.5 s, P2 = 1.25 s, P3 = 7 s), a recycle delay of 0.25 s, 240−9600 

scans, and 64−256 t2 increments. All 63Cu NMR spectra were referenced to solid CuCl at 0 ppm.32 

67Zn NMR.  Zinc-67 NMR spectra were acquired at 21.1 T using a Bloch or Hahn-echo 

pulse sequence with a π/2 pulse of 3 μs (liquid γB1/2π = 36 kHz), a recycle delay of 5 s, and 
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2000−15000 co-added transients, under both non-spinning and MAS (ωr/2π = 10 kHz) conditions.  

The 67Zn spectra were referenced to 1 M Zn(NO3)2 solution at 0 ppm.33 

 

2.2.5 NMR data processing and analysis 

 NMR spectra were processed using the Bruker TOPSPIN 4.0.6 software package, with 

100−400 Hz exponential apodization.  The 119Sn, 113Cd, 63Cu, and 67Zn NMR spectra were fitted 

using WSOLIDS34 to determine the NMR parameters. All data were plotted using Origin 2020, 

and the 119Sn and 113Cd NMR data were fit using Gaussian functions. 

 

2.2.6 Quantum chemical computations 

 DFT computations were performed using the CASTEP software package,35 which applies 

a gauge-including projector augmented plane wave basis set suitable for periodic structures and 

makes use of the Perdew-Burke-Ernzerhof functional in the generalized gradient approximation 

for the exchange-correlation energy.36 Ultrasoft pseudopotentials and zeroth-order regular 

approximation relativistic effects were applied.37,38 Calculations were carried out with a high 

accuracy basis set, a maximum plane wave energy of 566 eV, and a Monkhorst-Pack grid of 4  4 

 2 k-points from crystal structures sourced from PCD.39 DFT computed shieldings were converted 

to chemical shifts using CdS, and Cu2ZnSnS4 as reference samples using δ(ppm) = σcalc
ref (ppm) - 

σcalc
model (ppm). 
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2.3 Results and discussion 

2.3.1 Crystal structure of Cu2Zn1−xCdxSnS4 

 Bulk samples of the solid solution Cu2Zn1−xCdxSnS4 (x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.8, 1.0) were prepared by reactions of the elements at 800 C. Energy-dispersive X-ray (EDX) 

spectroscopic analysis confirmed that the elemental compositions of these samples agree well with 

the nominal compositions (Table A2.1 in Appendix 2). The powder XRD patterns reveal that the 

samples are single-phase; for the end-members Cu2ZnSnS4 (𝐼4̅) and Cu2CdSnS4 (𝐼4̅2𝑚), they 

match well with the simulated patterns (Figure 2.2(a)). The tetragonal cell parameters (a and c) 

were refined from these patterns (Table A2.2 in Appendix 2). With increasing Cd content, the cell 

volume increases gradually from 317.4 Å3 for Cu2ZnSnS4 to 337.4 Å3 for Cu2CdSnS4, consistent 

with the presence of larger Cd atoms (cf. Shannon ionic radii of 0.60 Å for Zn2+ and 0.78 Å for 

Cd2+ in CN4).40 However, close inspection of the cell lengths shows that while a increases 

monotonically, c reaches a maximum at x = 0.3 and then decreases with greater Cd substitution 

(Figure 2.2b). In a hypothetical idealized structure in which all the metal-centred tetrahedra are 

undistorted and contain equal bond lengths, c would be exactly twice as long as a.  The deviation 

from this idealized structure can be measured by the ratio  = c/2a, which relates to the degree of 

tetragonal distortion (elongation along c for  > 1 and contraction along c for  < 1).41 The set of 

220 and 204 peaks (near 47 in 2) serves as a useful diagnostic in the XRD patterns to discern 

this distortion: these peaks coincide for the idealized structure ( = 1) but become  
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Figure 2.2.  (a) Powder XRD patterns for Cu2Zn1−xCdxSnS4.  The shaded region highlights the 220 

and 204 peaks, which overlap for the lightly substituted Cd members (x = 0−0.3) but is visibly 

split for the more heavily substituted Cd members (x = 0.4−1.0) because the c-axis undergoes an 

abrupt contraction relative to the a-axis. (b) Plot of tetragonal cell parameters (a and c/2) and the 

ratio of these parameters ( = c/2a) as a function of Cd content, x. 
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increasingly split with greater distortion. As observed, these peaks essentially overlap for the 

lightly substituted Cd members (x = 0−0.3) corresponding to a nearly undistorted structure ( = 

1.002), but they are visibly split for the more heavily substituted Cd members (x = 0.4−1.0) as the 

structure contracts along c ( = 0.992−0.969) (Figure 2.2). The abrupt transition near x = 0.4 has 

been proposed to be related to a change in structure, from 𝐼4̅ (Cu2ZnSnS4 to Cu2Zn0.7Cd0.3SnS4) 

to 𝐼4̅2𝑚 (Cu2Zn0.6Cd0.4SnS4 to Cu2CdSnS4).
13−18. However, it is very important to appreciate that 

the observation of this peak splitting alone offers no direct information about the site distributions, 

and the assignment of space groups is merely inferred based on the structures of the end-members 

Cu2ZnSnS4 and Cu2CdSnS4. 

 

2.3.2 Local structure around Sn 

 In the structures of the end-members Cu2ZnSnS4 (𝐼4̅) and Cu2CdSnS4 (𝐼4̅2𝑚), the Sn 

atoms are fixed at one set of sites [2b (0, 0, ½; ½, ½, 0)], each surrounded in the first coordination 

sphere by 4 S atoms in tetrahedral geometry and in the second coordination sphere by 8 Cu and 4 

Zn or Cd atoms in cuboctahedral geometry. This environment can be probed by 119Sn NMR 

spectroscopy (I = ½; 8.6% natural abundance; 𝛯 = 37.29%),42 which is highly sensitive to local 

chemical structure and exhibits a wide range of isotropic chemical shifts of 6000 ppm for 

diamagnetic compounds.43-45 If disorder is assumed to occur only between Zn and Cd atoms in the 

solid solution Cu2Zn1−xCdxSnS4, then the second coordination sphere contains [Cu8Zn4−nCdn], 

where n ranges from 0 to 4 (Figure 2.3a), and the resonances for Sn atoms surrounded by these 

environments can be represented by the notation L(n). 
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 The 119Sn NMR spectra evolve gradually in Cu2Zn1−xCdxSnS4 with varying degrees of 

resolution (Figure 2.3b). 

 

For the end-members, there is a single resonance located at an isotropic chemical shift of iso = 

−121 ppm for Cu2ZnSnS4 (x = 0) and −82 ppm for Cu2CdSnS4 (x = 1), consistent with the presence 

 
Figure 2.3.  (a) Local coordination around Sn sites. (b) 119Sn MAS NMR spectra (B0 = 9.4 T) for 

Cu2Zn1−xCdxSnS4. (c) Deconvolution into Gaussian-fitted peaks representing Sn sites L(n) with 

second coordination spheres [Cu8Zn4−nCdn] in Cu2Zn0.8Cd0.2SnS4. (d) Dependence of isotropic 
119Sn chemical shift with n in [Cu8Zn4−nCdn]. 
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of a single Sn site with a unique chemical environment, [Cu8Zn4] or [Cu8Cd4], respectively. For 

Cu2Zn0.8Cd0.2SnS4 (x = 0.2), four partially resolved resonances which were fitted with Gaussian 

profiles are observed, corresponding to Sn sites L(n) with environments [Cu8Zn4−nCdn], where n 

ranges from 0 to 3 (Figure 2.3c). The missing L(4) resonance can be attributed to the low 

probability of occurrence, only about 0.2%, based on a binomial model of the environment 

[Cu8Cd4]. Despite the different geometrical arrangements of Cu, Zn, and Cd atoms in the second 

coordination sphere around the Sn atoms within the 𝐼4̅ and 𝐼4̅2𝑚 structures, the isotropic 119Sn 

chemical shifts follow a linear dependence with the number of Cd atoms n in [Cu8Zn4−nCdn], 

according to the equation (119Sn / ppm) = 10.3n−123.2 (Figure 2.3d). Comparison of the spectra 

for the lightly substituted Cd members of Cu2Zn1−xCdxSnS4 (x = 0.05−0.2) confirms the 

expectation that these L(n) peaks with higher n become more intense as the Cd content increases 

(Figure A2.2 in Appendix 2). 

 The 119Sn NMR spectra for all remaining compounds Cu2Zn1−xCdxSnS4 were analyzed in 

a similar way to extract the isotropic 119Sn chemical shifts and linewidths of peaks L(n) (Tables 

A2.3 and A2.4 in Supplementary Data). Inspection of the linewidths shows that the peaks gradually 

broaden as the Cd content increases from x = 0 to x = 0.4, and then they become narrower from x 

= 0.4 to x = 1.0. The linewidths are similar for the end-members Cu2ZnSnS4 (790 Hz) and 

Cu2CdSnS4 (823 Hz), consistent with unique environments around the Sn sites. The peak 

broadening exhibited by the intermediate members arises from a more varied distribution of 

chemical environments with different bond distances and angles around the Sn sites as disorder of 

Zn and Cd atoms occurs. For the lightly substituted Cd members, such as Cu2Zn0.8Cd0.2SnS4, the 

L(0), L(1), and L(2) peaks are more prominent, indicating a greater proportion of Zn atoms in the 

second coordination sphere, whereas for the heavily substituted Cd members, such as 
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Cu2Zn0.2Cd0.8SnS4, the L(2), L(3), and L(4) peaks dominate, consistent with a greater proportion of 

Cd atoms in the second coordination sphere. For Cu2Zn0.6Cd0.4SnS4, the cumulative linewidth 

reaches a maximum of 5.1 kHz, and only a single broad Gaussian-like resonance is observed so 

that individual L(n) peaks are not resolved. Note that the structural transition in Cu2Zn1−xCdxSnS4 

(from 𝐼4̅ to 𝐼4̅2𝑚) also takes place at this point (x = 0.4); therefore, further broadening is also 

attributed to the presence of both phases. 

 The 119Sn resonances shift to higher frequency with greater Cd content in Cu2Zn1−xCdxS4 

(from iso = −121 ppm for Cu2ZnSnS4 to −82 ppm for Cu2CdSnS4). The change in the average 

chemical shifts becomes more pronounced on progressing from the lightly substituted Cd members 

(gradual change for x = 0−0.4) to the heavily substituted members (steep change for x = 0.6−1.0), 

suggesting that changes in the next-nearest neighbor chemical environment (i.e., Zn/Cd) around 

the Sn sites become more drastic at high Cd content. 

 The distribution of Cd atoms within the environment [Cu8Zn4−nCdn] around the Sn sites 

can be quantified by evaluating the relative areas of the L(n) peaks in the 119Sn NMR spectra.  This 

analysis was carried out for the x = 0.05, 0.1, 0.2, and 0.8 members for Cu2Zn1−xCdxSnS4, for which 

these L(n) peaks are clearly resolved in the NMR spectra, and the relative areas were compared 

with expected values assuming a binomial distribution (Table A2.5 in Appendix 2).46 In general, 

the relative areas measured experimentally agree well with the binomial distribution for the x = 

0.05 and 0.1 members but show deviations for the x = 0.2 and 0.8 members (Figure A2.3 in 

Appendix 2). This observation suggests that with greater Cd substitution, the assumption of 

completely random mixing of Zn and Cd atoms may break down (i.e., cation clustering), resulting 

from the disparity in atomic sizes. 
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 To gain further insight into structural changes upon Cd substitution in Cu2Zn1−xCdxSnS4, 

the chemical shift anisotropy (CSA) was evaluated from non-spinning 119Sn NMR spectra for the 

end members Cu2ZnSnS4 and Cu2CdSnS4 (see supporting information). In this type of analysis, 

three parameters are typically extracted: (i) the isotropic chemical shift, iso = (11 + 22 + 33)/3, 

which is the average of the principal components of the CSA tensor, with 11  22  33; (ii) the 

span,  = 11 − 33, which describes the breadth of the pattern; and (iii) the skew,  = 3(22 − 

iso)/, which describes the shape of the powder pattern.47,48 For Cu2ZnSnS4, the 119Sn NMR 

spectrum acquired at 9.4 T showed only a small CSA, so it was recollected at a higher magnetic 

field of 21.1 T to enhance the CSA interactions (Figure A2.4 in Appendix 2). From the spectra, 

the extracted span and skew parameters are  = 325 ppm and  = −0.40.1 for Cu2ZnSnS4, and 

 = 1155 ppm and  = 0.90.1 for Cu2CdSnS4 (Figure 2.4). Given that the skew is close to 1 for 

Cu2CdSnS4, the CSA tensor is likely nearly axially symmetric. The CSA tensor can be related to 

the degree of structural distortion of the Sn-centered tetrahedra.43,49,50 The bond angles around the 

Sn atoms in Cu2ZnSnS4 (109.5°) are essentially ideal,51 whereas those in Cu2CdSnS4 

(108.7−109.9°) deviate more,52 consistent with the tetragonal compression along the c-axis ( = 

0.969) discussed earlier and the broader span in the 119Sn NMR spectrum. To ensure that these 

119Sn NMR spectra have been acquired quantitatively, the longitudinal spin-lattice relaxation times 

(T1) were also measured and found to be 8512 s for Cu2ZnSnS4 and 11514 s for Cu2CdSnS4. 
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Figure 2.4.  Experimental and simulated non-spinning 119Sn NMR spectra for (a) Cu2ZnSnS4 (B0 

= 21.1 T, iso = −120.9 ppm,  = 325 ppm,  = −0.40.1) and (b) Cu2CdSnS4 (B0 = 9.4 T, iso = 

−81.9 ppm,  = 1155 ppm,  = 0.90.1). 

 

2.3.3 Local structure around Cd 

 The Cd atoms are located in tetrahedral sites at either 2d (0, ½, ¾; ½, 0, ¼) with site 

symmetry 4̅.. in the 𝐼4̅ structure expected for the lightly Cd-substituted members of 

Cu2Zn1−xCdxSnS4, or 2a (0, 0, 0; ½, ½, ½) with site symmetry 4̅2𝑚 in the 𝐼4̅2𝑚 structure for the 

heavily substituted members. The second coordination sphere around these sites consists of 8 Cu 

and 4 Sn atoms in cuboctahedral geometry, but in conformity with the required site symmetries 

around Cd, the distribution of these atoms differs in the 𝐼4̅ vs 𝐼4̅2𝑚 structures (Figure 2.5a). This 

situation offers a decisive opportunity to test the competing hypotheses of disorder occurring 
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between only two atoms (Zn, Cd) or among three atoms (Cu, Zn, Cd). If only Zn and Cd disorder 

takes place, then the chemical environment around the Cd sites remains constant (8 Cu, 4 Sn), and 

any effects resulting from Cd substitution will be related to different distributions of these Cu and 

Sn atoms and probably small changes in bond lengths to them. If a disorder of Cu, Zn, and Cd 

atoms occurs, then the chemical environment around the Cd sites will undergo relatively large 

changes (e.g., the second coordination sphere may contain a mixture of Cu and Cd atoms as well 

as Sn atoms). 113Cd NMR spectroscopy (I = ½; 12.2% natural abundance, 𝛯 = 22.2%)42 was used 

to probe these environments as it is sensitive to local structural variations within various solids.53-

60.  

 The 113Cd NMR spectra were collected for Cu2Zn1−xCdxSnS4 for x = 0.2−1.0 (Figure 2.5b). 

The most remarkable observation is that the resonances do not evolve gradually upon substitution 

with Cd, but rather they segregate into two disparate regions. A single resonance appears at 724 

ppm for the most lightly Cd substituted member (x = 0.2 with 𝐼4̅ structure), and similarly, a single 

resonance appears at 660 to 640 ppm for the most heavily substituted members (x = 0.6−1.0 with 

𝐼4̅2𝑚 structure). However, two resonances appear within these same regions, near 720 and 670 

ppm, for the x = 0.3 and 0.4 members (Figure 2.5c), where the transition between the 𝐼4̅ vs 𝐼4̅2𝑚 

structures has been implicated in occurring according to the evidence from XRD patterns. A 

reasonable interpretation is that for the samples with x = 0.3−0.4, two phases with the 𝐼4̅ vs 𝐼4̅2𝑚 

structures are present, perhaps interspersed as nanodomains with each other. If these two phases 

adopt similar cell parameters, then their XRD patterns may show slight differences in peak 

intensities (because of the different distribution of atoms), but the peaks would overlap, and it 

would be impossible to distinguish between them. A plot of the 113Cd isotropic chemical shifts 

reveals the abrupt jump that correlates strongly with the structural transition (Figure 2.5d). The 
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smaller and smoother changes in chemical shifts for each of the two peaks can be related to more 

gradual changes in bond lengths around the Cd sites within the separate 𝐼4̅ vs 𝐼4̅2𝑚 structures. 

The 113Cd chemical shifts vary linearly with Cd content x according to the equations (113Cd / ppm) 

= −26.0x + 728.9 for 0 < x  0.4 (𝐼4̅ structure) and (113Cd / ppm) = −56.7x + 696.5 for 0.3 < x  

1.0 (𝐼4̅2𝑚 structure). 

 In addition to the isotropic chemical shifts, the linewidths and relative areas of the 113Cd 

NMR peaks have been extracted (Table A2.6 in Appendix 2). With increasing Cd substitution, the 

linewidth increases and reaches a maximum at x = 0.4 and decreases until the peak is sharpest for 

Cu2CdSnS4 (x = 1.0). Given that the second coordination sphere around the Cd site remains fixed 

at 8 Cu and 4 Sn atoms (at 4 Å away), the line broadening arises from the distribution of 

environments of disordered Zn and Cd atoms at slightly longer range (>5 Å). From the relative 

areas, the proportions of the two phases proposed to be present in the x = 0.3 and 0.4 samples can 

be estimated (70% 𝐼4̅ and 30% 𝐼4̅2𝑚 for Cu2Zn0.7Cd0.3SnS4; 20% 𝐼4̅ and 80% 𝐼4̅2𝑚 for 

Cu2Zn0.6Cd0.4SnS4). 

 For Cu2CdSnS4, the 113Cd CSA parameters were determined from a non-spinning spectrum 

in a similar manner as before for the 119Sn CSA parameters. The experimental and simulated 

spectra are shown (Figure A2.5 in Appendix 2), and the extracted parameters are  = 545 ppm 

and  = 0.80.1. 
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Figure 2.5.  (a) Local coordination around Cd sites. (b) 113Cd MAS NMR spectra (B0 = 9.4 T) for 

Cu2Zn1−xCdxSnS4 for x = 0.2−1.0. (c) 113Cd MAS NMR spectra for x = 0.3 and 0.4, with the two 

peaks assigned to separate phases adopting 𝐼4̅ (720 ppm, red) and 𝐼4̅2𝑚 (680 ppm, blue) structures 

and their areas are used to determine their relative amounts. (d) 113Cd isotropic chemical shifts, 

iso, plotted as a function of Cd content, x, with linear fits applied to the peaks assigned to 𝐼4̅ (red) 

and 𝐼4̅2𝑚 (blue) structures. 
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2.3.4 Local structure around Cu and Zn 

 The Cu atoms occupy two sets of sites [2a (0, 0, 0; ½, ½, ½) and 2c (0, ½, ¼; ½, 0, ¾)] in 

the 𝐼4̅ structure, but one set of sites [4d (0, ½, ½; 0, ½, ¾; ½, 0, 0; ½, 0, ¼)] in the 𝐼4̅2𝑚 structure. 

They experience the most complex local environments, with potentially up to four types of atoms 

(4 Cu, 4 Sn, and 4 Zn/Cd) in the second coordination sphere (Figure 2.6a), which can be probed 

by 63Cu NMR spectroscopy (I = 3/2; 69.7% natural abundance, Q = −22.0 fm2, 𝛯 = 26.5%).42 In 

particular, the interaction between the quadrupolar moment of the 63Cu nuclei and the local electric 

field gradient (EFG) leads to NMR lineshapes that depend sensitively on any structural distortions 

occurring at short and medium range.19,32 

 The 63Cu NMR spectra reveal asymmetric lineshapes that are either sharp or contain 

features consistent with second-order quadrupole broadening for the end members, reflecting the 

fixed coordination environments around the Cu atoms, but they are considerably broadened for the 

intermediate members of Cu2Zn1−xCdxSnS4, in agreement with the varied coordination 

environments caused by disorder of Zn and Cd atoms in the second coordination sphere (Figure 

2.6b). The isotropic chemical shifts and centers of gravity for these resonances were determined 

(Table A2.7 in Appendix 2). For Cu2ZnSnS4 (x = 0), two 63Cu resonances are observed with 

different quadrupole coupling constants at 787 ppm (CQ = 6.7 MHz) and 807 ppm (CQ = 1.7 MHz), 

consistent with the presence of two inequivalent sets of Cu sites in the proposed 𝐼4̅ structure. Based 

on the bond angles, the Cu atoms in the 2a site, labeled as Cu2, are more distorted (106.6−110.9°) 

than those in the 2c site, labeled as Cu1 (108.9−110.6°).51 As greater distortion leads to larger EFG 

(larger CQ), the peak at 787 ppm is assigned to the 2a site and the peak at 807 ppm to the 2c site.  
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Figure 2.6.  (a) Local coordination around Cu sites. (b) 63Cu MAS NMR spectra (B0 = 21.1 T) for 

Cu2Zn1−xCdxSnS4. (c) 67Zn NMR spectra (B0 = 21.1 T) for x = 0 (non-spinning and MAS at 10 

kHz) and x = 0.2 members (non-spinning). 
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The relative areas under the traces were evaluated and found to be 455% for the 787 ppm peak 

and 555% for the 807 ppm peak, in agreement with the equal multiplicities of the 2a and 2c sites. 

 For the lightly Cd substituted member Cu2Zn0.8Cd0.2SnS4, which retains the 𝐼4̅ structure of 

Cu2ZnSnS4, the two resonances corresponding to the two Cu sites are still observed, with roughly 

equal relative areas of 575% for the 2a site and 435% for the 2c site. For Cu2Zn0.6Cd0.4SnS4 and 

all the remaining more heavily Cd-substituted members up to Cu2CdSnS4, which now adopt the 

𝐼4̅2𝑚 structure, only one resonance is observed, corroborating the presence of a unique Cu site at 

4d. Close inspection reveals that the lineshape is asymmetric for Cu2Zn0.6Cd0.4SnS4, consistent 

with the presence of nanodomains with the 𝐼4̅ structure as speculated above. The abrupt switch 

from two to one 63Cu resonances favors the interpretation that the evolution in site distribution also 

changes at x = 0.4 (as opposed to alternative proposals for a continuous transformation involving 

disorder of Cu, Zn, and Cd atoms).16 This result for bulk materials is consistent with previous 

observations of a structural transition for Cu2Zn1−xCdxSnS4 thin films when x > 0.3.18 Another 

report states that the transition in solution-processed Cu2Zn1−xCdxSnS4 occurs when x > 0.6, but 

this conclusion is based on nominal compositions because the elemental analysis was not 

performed.14 The chemical shifts and centers of gravity of the resonances change abruptly on 

proceeding from x = 0.2 to x = 0.4, but then they only change gradually thereafter to x = 1.0. To 

ensure that additional Cu sites were not hidden, two-dimensional 63Cu triple-quantum magic-angle 

spinning (3QMAS) NMR spectra were collected on Cu2Zn0.8Cd0.2SnS4 and Cu2Zn0.2Cd0.8SnS4 

(Figure A2.6 in Appendix 2). The results support the conclusions from the 1D spectra, indicating 

the number of Cu sites to be two (x < 0.4) or one (x > 0.4). 

 The 63Cu CSA and quadrupolar parameters were determined from MAS and non-spinning 

NMR spectra (B0 = 21.1 T) for Cu2ZnSnS4 and Cu2CdSnS4 (Figure A2.7 in Appendix 2). For 
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Cu2ZnSnS4, the parameters were  = 27110 ppm,  = 10.1, CQ = 6.70.2 MHz, Q = 00.1 for 

2a site, and  = 11410 ppm,  = −10.1, CQ = 1.70.2 MHz, Q = 00.1 for 2c site. The values 

of the skew  indicate that both Cu sites (2a and 2c) are axially symmetric, although the axial 

tensors are aligned differently. The zero values of the quadrupolar parameter Q imply that the 

magnitudes of Vxx and Vyy are equal, within error. For Cu2CdSnS4, the parameters were  = 31010 

ppm,  = −10.1, CQ = 0.80.2 MHz, and Q = 00.1, indicating an axially symmetric EFG tensor 

and higher symmetry for the Cu atoms in the 4d site. 

 The Zn atoms occupy the same sites as the Cd atoms in both 𝐼4̅ and 𝐼4̅2𝑚 structures if the 

disorder of only these atoms is assumed to take place. Although 67Zn NMR spectra (I = 5/2; 4.1% 

natural abundance, Q = 15.0 fm2, 𝛯 = 6.3 %)42 are quite challenging to measure,33,61-63 they were 

obtained for Cu2ZnSnS4 and Cu2Zn0.8Cd0.2SnS4 (Figure 2.6c). For Cu2ZnSnS4, a single resonance 

is observed at 358 ppm with no second-order contribution and a small EFG (CQ < 1 MHz), 

consistent with a unique Zn site (at 2d (0, ½, ¾; ½, 0, ¼)). The resonance shows a small CSA 

contribution in the non-spinning NMR spectrum and an asymmetric tail toward lower ppm in the 

MAS NMR spectrum. For Cu2Zn0.8Cd0.2SnS4, there remains a single resonance in the NMR 

spectrum, which rules out alternative models in which Zn atoms are found in more than one site. 

The lineshape is broader and Gaussian-like, suggesting chemical shifts distributions due to 

disordered environments. 

 

2.3.5 Comparison of experimental and DFT-computed NMR parameters 

 Thus far, the NMR results appear to be most consistent with the structural model in which 

only Zn and Cd atoms disorder within Cu2Zn1−xCdxSnS4. Density functional theory (DFT) 

computations have been carried out to theoretically calculate the 63Cu, 113Cd, and 119Sn NMR 
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parameters for the end-members Cu2ZnSnS4 and Cu2CdSnS4, specifically to predict NMR features 

for peaks arising from atoms occupying various sites, and then to compare with the actual 

experimental NMR spectra (Table A2.8 in Appendix 2). Overall, the computed NMR parameters 

match reasonably well with the experimental parameters. For example, the computed spans agree 

with the experimental values in the 119Sn NMR spectra for Cu2ZnSnS4 and Cu2CdSnS4, and in the 

113Cd NMR spectra for Cu2CdSnS4. The computed quadrupole coupling parameters CQ and Q in 

the 63Cu NMR spectra are in good agreement with the experimental values for the Cu atoms in the 

2a site in Cu2CdSnS4. However, CQ is overestimated for the Cu atoms in the 2c site. 

 For the intermediate members of Cu2Zn1−xCdxSnS4, the random distribution of atoms 

precludes similar DFT calculations. Nevertheless, inferences about these intermediate members 

can be drawn from calculations on ordered structural models of the end-members. In particular, 

simulating NMR spectra based on these alternative models may help ascertain if more complicated 

disorder involving Cu, Zn, and Cd atoms occurs in Cu2Zn1−xCdxSnS4. Models were considered for 

Cu2ZnSnS4 and Cu2CdSnS4 in which the Zn or Cd atoms occupy the 2a, 2c, or 2d sites (and the 

Cu atoms occupy the remaining two sets of sites) in the 𝐼4̅ structure (Table A2.9 in Appendix 2). 

 As a prelude to examining the intermediate members of Cu2Zn1−xCdxSnS4, it is of interest 

to see if these calculations help resolve the site distribution in the end-member Cu2ZnSnS4. In the 

simplest structure proposed for Cu2ZnSnS4, the Cu atoms fully occupy the 2a and 2c sites 

(“ordered kesterite”), but in an alternative structure sometimes proposed, the Cu atoms fully 

occupy the 2a site and mix with Zn atoms in the 2c and 2d sites (“partially disordered kesterite”). 

Based on a superposition of models so that Cu atoms occupy all three sites (models (1) and (2) in 

Table A2.9, the simulated 63Cu NMR spectra show three resonances corresponding to these sites 

(Figure A2.8a in Appendix 2).  In the experimental spectrum for Cu2ZnSnS4, the resonance arising 
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from a supposed occupation of the 2d site is absent. In a similar way, the 67Zn NMR spectrum has 

been simulated for Cu2ZnSnS4, assuming that Zn atoms are disordered over two sites (2c, 2d) 

instead of fully occupying just one (2d). This simulation was carried out by first computing the 

67Zn magnetic shielding and CQ parameters for Zn atoms occupying only the 2d site in Cu2ZnSnS4 

(model (1)); then, analogous parameters were estimated for Zn atoms in the 2c site by considering 

a hypothetical structure in which the occupations of Cu and Zn in 2c and 2d sites were swapped 

(model (2)). The experimental 67Zn NMR spectrum of Cu2ZnSnS4 shows only one resonance 

assigned to the 2d site, whereas the hypothetical peak from the 2c site is absent (Figure A2.8b in 

Appendix 2). On balance, the comparison of computed and experimental 63Cu and 67Zn NMR 

spectra supports the simpler “ordered kesterite” structure for Cu2ZnSnS4 and the absence of Cu/Zn 

disorder. 

 Next, this computational analysis is extended to intermediate members of the 

Cu2Zn1−xCdxSnS4 series and examine how simulated 113Cd and 63Cu NMR spectra compare with 

experimental spectra depending on different distributions of Cu, Zn, and Cd atoms. As Cd atoms 

are gradually substituted into Cu2ZnSnS4, they could potentially occupy the 2a, 2c, or 2d sites, or 

perhaps even some combination thereof, in the parent 𝐼4̅ structure, as illustrated for 

Cu2Zn0.8Cd0.2SnS4 (Table A2.10 in Appendix 2). Here, the Cd atoms could mix with Cu atoms in 

2a (model (8)) or in 2c (model (9)) and the displaced Cu atoms then mix with Zn atoms in 2d; or 

the Cd atoms could simply mix with Zn atoms in 2d (model (10)). The isotropic 113Cd chemical 

shifts were computed by placing Cd atoms in either the 2a, 2c, or 2d states in hypothetical 

structures for Cu2CdSnS4 in 𝐼4̅, or in the 2d sites in the observed structure for Cu2CdSnS4 in 𝐼4̅2𝑚 

(Figure A2.9 in Appendix 2). The key feature is that the computed isotropic 113Cd chemical shifts 

lie at higher frequency for Cd atoms in the 2c or 2d sites, by about 50 ppm than those in the 2a 
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sites. The experimental 113Cd NMR spectrum for Cu2Zn0.8Cd0.2SnS4 shows one peak lying at about 

50 ppm higher than the peak in Cu2CdSnS4 (where Cd atoms can only be located in 2a) (Figure 

2.5b). This comparison implies that Cd atoms enter either the 2c or 2d sites in Cu2Zn0.8Cd0.2SnS4. 

To complement this result, the isotropic 63Cu chemical shifts for Cu atoms placed in 2a, 2c, or 2d 

sites, as computed earlier (Table A2.9 in Appendix 2), were also examined. The experimental 

echo and 3QMAS 63Cu NMR (Figures A2.6 in Appendix 2) for Cu2Zn0.8Cd0.2SnS4 shows two 

resonances, ruling out the possibility of the more complex site distributions in which Cu atoms 

disorder within all three sites (models (8) and (9), Figure A2.10 in Appendix 2) and supports the 

incorporation of Cd in Zn position (model (10)). 

 

2.3.6 Variation of band gaps and NMR chemical shift behaviour 

 Because NMR chemical shifts depend on the degree of magnetic shielding experienced by 

a nucleus, they can also be influenced by charge carriers in a semiconductor. Thus, it is of interest 

to examine if there is a correlation between the band gaps in Cu2Zn1−xCdxSnS4 and the NMR 

chemical shifts. The optical band gaps Eg were obtained by collecting UV-vis diffuse reflectance 

spectra, which were then converted to absorption spectra (plots of (F(R)·h)2 vs the photon energy 

h) from which straight lines were extrapolated from the absorption edges (Figure A2.11a in 

Appendix 2).28 The optical band gaps, which are direct, decrease from 1.5 to 1.2 eV with increasing 

Cd content in Cu2Zn1−xCdxSnS4 (Figure A2.11b in Appendix 2). These band gaps are consistent 

with the black colour of all samples. For Cu2ZnSnS4, previous band structure calculations indicate 

that the top of the valence band consists mostly of bonding Cu−S character, whereas the bottom 

of the conduction band consists mostly of antibonding Sn−S character.64,65 That is, the magnitude 

of the band gap is largely controlled by the Cu, Sn, and S atoms and less so by the Zn atoms, whose 



60 

 

orbital energies lie lower than those of Cu. However, the substitution of Cd atoms, which contain 

4d orbitals lying at higher energies than Zn 3d orbitals, may raise the top of the valence band and 

narrow the band gap, as observed experimentally.7 Of course, other factors, such as unit cell 

expansion, structural changes, and electronegativity differences, also come into play.  

Accordingly, the band gap decreases rapidly from Cu2ZnSnS4 to Cu2Zn0.7Cd0.3SnS4, but then the 

decrease is less pronounced on proceeding from Cu2Zn0.6Cd0.4SnS4 to Cu2CdSnS4; the interruption 

at x = 0.4 signals the transition from the 𝐼4̅ to the 𝐼4̅2𝑚 structure. 

 To a first approximation, the total magnetic shielding consists of diamagnetic and 

paramagnetic contributions.66 The diamagnetic term arises from the circulation of electrons near 

the nucleus, which generates a local magnetic field as opposed to the external magnetic field; this 

term does not typically vary much for a given nucleus. The paramagnetic term arises from 

magnetic-field-induced mixing of occupied and unoccupied orbitals having proper symmetry; it is 

usually negative (i.e., deshielding) and has a much greater magnitude than the diamagnetic term, 

so it is primarily responsible for the observed anisotropic magnetic shielding. The total 

paramagnetic term is the sum of all contributions from pairs of suitable orbitals, the magnitude of 

each contribution being inversely proportional to the difference of orbital energies. 67 In certain 

cases, the deshielding depends approximately inversely with the average excitation energy (E); 

for molecular substances, E between highest occupied and lowest unoccupied molecular orbitals 

are the dominant contributions to paramagnetic shielding. In nanomaterials, this approximation is 

often invoked and generally holds true;68-72 however, in these extended solids, it is unclear if the 

band gap plays an influential role. The average 119Sn and 113Cd chemical shifts for the 

microcrystalline semiconductors studied here have been plotted vs the band gaps in 

Cu2Zn1−xCdxSnS4 (Figure 2.7). Although the 119Sn chemical shift decreases with increasing 
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measured band gaps, in accordance with expectations noted above, the 113Cd chemical shift follows 

the opposite behaviour. The associated band gap changes observed (x > 0.3, 𝐼4̅2𝑚 structure) are 

small and cannot account for the sizeable chemical shift changes experimentally observed. The 

119Sn chemical shift is dominated by changes to its next-nearest cation neighbor where Cd 

isoelectronic substitution with Zn influences the medium range structure in the 2d site. Above, it 

was shown that upon Cd incorporation, a series of distinct 119Sn resonances appear (Figure 2.3), 

gradually shifting to a higher frequency (deshielded, ~9.5 ppm/Cd) as Cd replaces the four Zn 

next-nearest neighbors, [SnS4](Zn4-nCdn). The 113Cd chemical shift trends to a higher frequency 

(deshielded) as Cd is replaced with Zn (Cu2CdSnS4 → Cu2(Cd0.4Zn0.6)SnS4). A change in the 

chemical environment occurs as Zn replaces Cd; its smaller cationic radius causes distortions in 

the (Zn/Cd)S4 tetrahedra (Zn−S, 2.37 Å vs Cd−S, 2.41 Å), influencing the s- or p-electron character 

of the local electronic environment. For example, Griffin and co-workers demonstrated this effect 

in ternary semiconducting tellurides, Cd1−xZnxTe, where they observed a deshielding effect (shift 

to higher frequency) in the 113Cd NMR resonance upon Zn substitution.73,74 They concluded that 

an inductive charge transfer occurs through the anionic Te, causing a net charge of s-type and that 

in some cases, the chemical shift may provide information to changes in bond length. A similar 

mechanism may apply to Cu2Zn1−xCdxSnS4, where either an increase in p-character (or a decrease 

in s-character) occurs with Zn substitution that would be consistent with the shift to higher 

frequency (deshielded; increasing paramagnetic contribution) observed in the 113Cd NMR results. 

These results illustrate that influences on chemical shift remain a complex property to explain that 

may not be easily ascribed to a single factor. 
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Figure 2.7.  Variation of (a) average 119Sn and (b) 113Cd NMR isotropic chemical shifts with 

optical band gaps in Cu2Zn1−xCdxSnS4. 

 

2.4 Conclusions 

 The structural changes that occur in Cu2Zn1−xCdxSnS4 at the long and short range have been 

examined extensively by powder XRD and solid-state NMR spectroscopy. Several key 

conclusions have been reached, resolving some ambiguities that had persisted in previous reports. 

First, and perhaps most important, the results strongly favor the simpler mechanism in which Cd 

substitution only entails disorder with Zn atoms, whereas more complicated mechanisms involving 

disorder of up to three atoms (Cu, Zn, Cd) are not likely. Although this conclusion disagrees with 
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some previous reports, it should be noted that the present analysis was performed on bulk samples 

prepared by reaction at 800 C over 8 d, in contrast to other studies which are based on samples 

prepared as thin films or by ball-milling, with annealing at lower temperatures over much shorter 

times (600 C, several hours), which would tend to lead to greater disorder. Second, the abrupt 

transition from the 𝐼4̅ to the 𝐼4̅2𝑚 structure is confirmed to occur near x = 0.4 in Cu2Zn1−xCdxSnS4, 

but in the x = 0.3 and 0.4 samples, phases with both structures coexist as a mixture, an insight that 

was gained from analysis of the 113Cd NMR spectra and could not have been deduced from XRD. 

The 113Cd isotropic chemical shifts correlate well with the Cd content, and, indeed, they could be 

used as a diagnostic feature to determine x for an unknown member of Cu2Zn1−xCdxSnS4. Third, 

the degree of distortion around the tetrahedral sites occupied by metal atoms can be usefully related 

to NMR parameters such as CQ or CSA. In this way, the two sets of Cu sites in the 𝐼4̅ structure of 

Cu2ZnSnS4 (and other lightly Cd substituted members) can be assigned to separate peaks differing 

in CQ. Because the relative areas of these two peaks remain unchanged upon Cd substitution, it 

can be assumed that Cu atoms are not involved in disorder with other atoms; this conclusion was 

further supported by comparison of 63Cu and 67Zn NMR spectra with those simulated from DFT 

computations. Fourth, NMR chemical shifts track closely with changes in medium range structure 

related to Cd/Zn substitution and the 𝐼4̅ to the 𝐼4̅2𝑚 phase transition. These results demonstrate 

the utility of combining XRD and NMR analysis to determine structures holistically, at both long 

and short-range scales, which may prove useful to characterize other optical materials. 
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Chapter 3  

Mercurial possibilities: determining site distributions in Cu2HgSnS4 using 

63/65Cu, 119Sn, and 199Hg solid-state NMR spectroscopy 

 

3.1 Introduction 

 Multinary chalcogenides have elicited interest for various materials applications, and 

among these, Cu2ZnSnS4 has stood out as a promising photovoltaic material because it has a direct 

band gap of appropriate magnitude (1.5 eV), a high absorption coefficient (104 cm−1), and a 

composition derived from inexpensive and earth-abundant elements.1–4 The power conversion 

efficiency of Cu2ZnSnS4 is relatively high (9%), but much remains to be done before it can rival 

conventional materials such as Si (>20%).  It has become very popular to suggest new photovoltaic 

materials through first-principles calculations and machine learning algorithms;5,6 such 

prognostications are facile to make but hardly ever tested through experiment. Among various 

strategies to increase the efficiency, substitution of Zn in Cu2ZnSnS4 with Cd and Hg has been 

proposed,7–12 even though this entails new risks of toxicity that will eventually need to be 

mitigated.  Some calculations indicate that the “spectroscopically limited maximum efficiency” 

could reach as high as 25% for Cu2CdSnS4 and Cu2HgSnS4.
11,12 Of course, the reliability of such 

predictions depends on the accuracy of the crystal structures assumed,13 and in my opinion, further 

experimental evidence would be beneficial. In an actual solar cell fabricated from a 

Cu2Zn0.6Cd0.4SnS4 absorber, the partial substitution of Zn with Cd led to small improvements in 

efficiency (11%).7,8 
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 Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4 have long been known to adopt tetragonal 

structures from X-ray diffraction (XRD) studies (Figure 3.1).14,15  All metal atoms lie within 

tetrahedral sites located on the z = 0, ¼, ½, and ¾ planes. For Cu2ZnSnS4 (space group 𝐼4̅), there 

is broad consensus that the Cu atoms occupy two sets of sites (2a, 2c) which lie within all planes, 

although disorder of Cu and Zn atoms is possible depending on preparative conditions.16  For 

Cu2CdSnS4 (space group 𝐼4̅2𝑚), the Cu atoms occupy one set of sites (4d), which lie within 

alternate planes.17,18 For Cu2HgSnS4, two structural models have been reported having site 

distributions similar to that of Cu2CdSnS4, with Cu atoms lying in alternate planes but with subtle 

differences. 

 

Figure 3.1.  Structural models for Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4.  Two models have 

been proposed for Cu2HgSnS4 distinguished by the presence of two Cu sites in 𝐼4̅ vs one site in 

𝐼4̅2𝑚. 

 

From powder XRD data, Kabalov et al. proposed that the Cu atoms occupy two sets of sites (2c, 

2d) in 𝐼4̅.19  From single-crystal XRD data, Kaplunnik et al. proposed that the Cu atoms half-

occupy one set of split sites (8h at 0, ½, 0.2498) in 𝐼4̅2𝑚, but the splitting is so small that merging 

them into fully occupied unsplit sites (4d at 0, ½, ¼) is clearly a better description, corresponding 
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to the same structure as Cu2CdSnS4.
20  The key distinction is that the Cu−S distances fall into two 

sets (2.23 Å and 2.42 Å) in the Kabalov model, but one set (2.26 Å) in the Kaplunnik model.  

 Given that Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4 exhibit different site distributions, 

solid solutions derived from them are likely to complex site disorder, as observed in 

Cu2Zn1−xCdxSnS4, for example.9,21 As a complementary method to confirm the site distributions 

established from earlier structural determinations on the parent compounds, solid-state nuclear 

magnetic resonance (NMR) spectroscopy provides valuable information on the local environments 

around specific atoms, as has been demonstrated for (Cu1−xLix)2ZnSnS4, Cu2Zn1−xCdxSnS4, and 

Cu2ZnSn(S1−xSex)4, among other semiconducting and catalytic compounds.22–27  

 To clarify the site distributions, we report here an analysis of the 63/65Cu, 119Sn, and 199Hg 

NMR spectra for Cu2HgSnS4 and compare these results to our recent work on Cu2ZnSnS4 and 

Cu2CdSnS4.
23  Furthermore, a full analysis of the chemical shift anisotropy (CSA) and electric 

field gradient (EFG) tensors are presented for the first time.23,59  The effect of annealing in 

Cu2HgSnS4 was probed by XRD and NMR measurements.  Optical band gap measurements and 

electronic structure calculations were also performed on Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4. 

 

3.2 Experimental 

3.2.1 Synthesis 

 Starting materials were Cu powder (99.5%, Alfa-Aesar), Zn granules (99.9%, Baker), Cd 

powder (99.5%, Alfa-Aesar), HgS powder (99%, Alfa-Aesar), Sn powder (99.9%, Cerac), and S 

flakes (99.9%, Sigma-Aldrich).  Stoichiometric mixtures of these substances were prepared with 

the loading compositions Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4.  The mixtures were ground 

together, pressed into pellets, and placed within carbon-coated fused silica tubes, which were 
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evacuated and sealed.  For Cu2ZnSnS4 and Cu2CdSnS4, the tubes were heated to 250 C over 5 h, 

held there for 2 h, heated to 800 oC over 18 h, held there for 4 d, and then cooled to room 

temperature over 24 h.  For Cu2HgSnS4, the tubes were heated to 250 C over 5 h, held there for 2 

h, heated to 700 C over 15 h, held there for 2 d, and then cooled to room temperature over 24 h.  

The slightly lower annealing temperature was used in the synthesis of Cu2HgSnS4 as a pre-emptive 

measure to minimize volatilization losses of HgS, which has a relatively low boiling point of 584 

C.  The samples were ground, pressed into pellets, and subjected to a second heat treatment at 

800 C for 4 d (for Cu2ZnSnS4 and Cu2CdSnS4) or 700 C for 1 d (for Cu2HgSnS4).  This treatment 

ensures that the samples are pure phase. 

 

3.2.2 XRD and energy-dispersive X-ray (EDX) analysis 

 Powder XRD patterns were collected on a Bruker D8 Advance diffractometer equipped 

with a Cu K1 radiation source operated at 40 kV and 40 mA. Unit cell parameters were refined, 

and Le Bail profile fitting was applied using the FullProf suite of programs.28 Samples were 

examined on a Zeiss Sigma 300 VP field-emission scanning electron microscope, operated with 

an accelerating voltage of 15 kV, and their elemental compositions were obtained by EDX 

analysis. 

 

3.2.3 Diffuse reflectance spectroscopy 

 Optical diffuse reflectance spectra were measured from 200 nm (6.2 eV) to 2000 nm (0.6 

eV) on a Cary 5000 UV-vis-NIR spectrophotometer, with a polytetrafluoroethylene disc having 

>98% reflectivity used as a reflectance standard.  The reflectance spectra were converted to optical 
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absorption spectra using the Kubelka-Munk function, F(R) = /S = (1–R)2/2R, where  is the 

Kubelka–Munk absorption coefficient, S is the scattering coefficient, and R is the reflectance.29 

 

3.2.4 Solid-state NMR spectroscopy 

 Solid-state 63/65Cu, 119Sn, and 199Hg NMR spectra were collected on Bruker Avance Neo 

300 (B0 = 7.05 T), Avance III HD 400 (B0 = 9.40 T), Avance Neo 500 (B0 = 11.75 T), or Avance 

II 900 (B0 = 21.1 T) spectrometers equipped with double resonance H/X magic-angle-spinning 

(MAS) Bruker probes, with experimental details listed in Table 3.1. Samples were ground and 

packed into 4-mm outer diameter (o.d.) ZrO2 rotors sealed with Kel-F caps, or 2.5-mm o.d. and 

1.3-mm o.d. ZrO2 rotors sealed with Vespel top and bottom caps.  The non-spinning NMR spectra 

at 21.1 T were acquired using a home-built 4-mm solenoid probe (pure Ag R.F. coil to minimize 

probe background from Cu metal).  The spectra were processed using the Bruker TOPSPIN 4.0.6 

software package with 100−300 exponential apodizations and they were fit using the Dmfit30 

program to extract various NMR parameters. Reference standards were CuCl(s) (0 ppm for 63/65Cu 

NMR), (C6H11)4Sn(s) (−97.5 ppm for 119Sn NMR, which corresponds to 0 ppm for (CH3)4Sn), and 

HgF2(s) (−2826 ppm for 199Hg NMR).31–33 
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Table 3.1. Experimental conditions for acquisition of NMR spectra 

 

 As a reminder, NMR spectra are typically characterized by features based on the chemical 

shift anisotropy (CSA) and quadrupolar coupling interactions, which are tensor quantities.34–44 The 

lineshape of an NMR signal is described by its isotropic chemical shift, 𝛿iso = (𝛿11 + 𝛿22 + 𝛿33)/

3, its span, Ω = 𝛿11 − 𝛿33, and its skew, 𝜅 = 3(𝛿22 − 𝛿iso)/Ω.  For nuclei having I > ½, the 

nuclear quadrupole coupling constant is 𝐶Q = 𝑒𝑄𝑉zz/ℎ (where e is the elementary charge, Q is the 

quadrupolar moment of the nucleus, Vzz is the largest principal component of the electric field 

 65Cu 119Sn 199Hg 

spinning conditions non-spinning non-spinning non-spinning 

B0 (T) 7.05, 11.75, 21.1 9.40 9.40 

pulse sequence quadrupolar echo Hahn echo Hahn echo 

/2 pulse (s) 2 or 1 4 4 

B1/2 (kHz) 125 62.5 62.5 

 (s) 50 30 30 

recycle delay (s) 2 50−150 3 

co-added transients 2048−4096 or 256−512 1024−2048 6000−15360 

 63Cu 119Sn 199Hg 

spinning conditions MAS (r/2 = 31.25 and 

62.5 kHz) 

MAS (r/2 = 14 kHz) MAS (r/2 = 14 kHz) 

B0 (T) 21.1 9.40 9.40 

pulse sequence rotor-synchronized 

quadrupolar echo 

rotor-synchronized Hahn 

echo 

rotor-synchronized Hahn 

echo 

/2 pulse (s) 1 4 4 

B1/2 (kHz) 125 62.5 62.5 

 (s) 32 and 16 71.4 71.4 

recycle delay (s) 2 50−150 3 

co-added transients 1024 1024−2048 6000−15360 
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gradient (EFG), and h is Planck’s constant) and the asymmetry parameter is 𝜂 = (𝑉xx − 𝑉yy)/𝑉zz 

(where |𝑉xx| ≤ |𝑉yy| ≤ |𝑉zz|). 

 

3.2.5 Quantum chemical computations 

 The magnetic shielding and EFG (I > 1/2) tensors were calculated using the program 

CASTEP,45 which applies a gauge-including projector augmented plane wave basis set suitable 

for periodic structures and the Perdew-Burke-Ernzerhof (PBE) functional in the generalized 

gradient approximation for the exchange-correlation energy.46–48 Ultrasoft pseudopotentials and 

zeroth-order regular approximation relativistic effects were applied.  Calculations were carried out 

with an extreme accuracy basis set, a maximum plane-wave energy of 500−566 eV, and a 

Monkhorst-Pack grid of 4  4  20 k-points for Cu2ZnSnS4 and Cu2CdSnS4 or 20  20  10 k-

points for Cu2HgSnS4. The computed magnetic shieldings were converted to chemical shifts, 

𝛿 (ppm) = 𝜎ref
calc − 𝜎model

calc , using SnO for 119Sn (𝜎ref
calc = 2802), HgF2 for 199Hg (𝜎ref

calc= 6261 

ppm) and Cu2HgSnS4 for 65Cu (𝜎ref
calc =  −7 ppm). The 63/65Cu isotropic chemical shift was set to 

815 ppm in Cu2HgSnS4 (𝐼4̅2𝑚). 

 The electronic band structure and density of states (DOS) were calculated using the 

projected augmented wave method as implemented in the Vienna ab initio simulation package 

(VASP 5.44), with the generalized gradient approximation parameterized by PBE used to treat 

exchange and correlation.46,49–51 The recommended standard Cu, Zn, Cd, Hg, Sn_d, and S 

potentials were used, with the plane-wave basis cutoff energy set to 400 eV.  The first Brillouin 

zone was sampled by a 9  9  5 k-point grid.  The convergence criteria were set to 10−6 eV for 

electronic optimization, and |−2  10−2| eV for ionic relaxation. To correct for the underestimation 

of the PBE band gap, a hybrid HSE06 functional (PBE:Hartree-Fock = 65:35) was applied.  Spin-
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orbit interactions were not considered to reduce computational cost. Chemical bonding was 

examined by evaluating projected crystal orbital Hamilton populations (−pCOHP), electron 

localization functions (ELF), and Bader charges, using the program LOBSTER (version 3.2.0).52 

 

3.3 Results and discussion 

3.3.1 Crystal structure of Cu2MSnS4 (M = Zn, Cd, Hg) 

 Samples of Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4, which were prepared at 700−800 C, 

were confirmed to be single-phase from powder XRD patterns (Figure 3.2) and to have 

compositions in good agreement with expectations from EDX analyses (Table A3.1 in Appendix 

3). From Le Bail fittings of the powder XRD data (Figure A3.1 in Appendix 3), the refined 

tetragonal cell parameters were found to agree well with literature values (Table A3.2 in Appendix 

3). The unit cell volume expands on proceeding from Cu2ZnSnS4 to Cu2CdSnS4, and then is little 

changed in Cu2HgSnS4, in accordance with trends in typical distances for Zn−S (2.3−2.5 Å), Cd−S 

(2.3−2.8 Å), and Hg−S bonds (2.3−2.8 Å).  The c/2a ratio serves as a useful measure for the degree 

of tetragonal distortion in these structures. For Cu2ZnSnS4, this ratio is essentially unity 

(0.997−0.998). For Cu2CdSnS4 and Cu2HgSnS4, this ratio is perceptibly smaller (0.97−0.98), 

giving rise to slight splitting of peaks in the powder XRD patterns, the most prominent being seen 

in the 220 and 204 peaks near 47 in 2. There are occasional statements made in the literature 

that this splitting offers direct evidence for structural assignments (i.e., site distributions and space 

groups), but such pronouncements are misguided. 
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Figure 3.2.  Powder XRD patterns for Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4. 
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 To examine the local environments around atoms in more detail, NMR spectra were 

analyzed for these compounds (NMR-fitted parameters are summarized in Table 3.2). 

 

Table 3.2.  Experimental and GIPAW DFT-computed 65Cu, 119Sn, and 199Hg NMR parameters for 

Cu2MSnS4 (M = Zn, Cd, Hg). 

 Cu2ZnSnS4 Cu2CdSnS4 Cu2HgSnS4 

 exp DFT 

(𝑰�̅�) 

exp DFT 

(𝑰�̅�𝟐𝒎) 

exp DFT  

(𝑰�̅�) 

DFT 

(𝑰�̅�𝟐𝒎) 
119Sn parameters a 

iso (ppm, 0.5) −120.9 238d −81.5 243d −89.8 211d 139d 

 (ppm) 30 55 110 112 113 104 52 

 −0.45 −1 +0.95 +1 +0.95 +1 +1 
65Cu parameters b 

iso (ppm, 2) 804 (2a) 

786 (2c) 

767(2a)d 

752(2c)d 

761 802d 815 594(2d)d 

1156(2c)d 

815d 

 (ppm, 5) 270 (2a) 

118 (2c) 

366 (2a) 

295 (2c) 

315 290 330 433 (2d) 

297 (2c) 

403 

 (0.05) +1 (2a) 

−1 (2c) 

+1 (2a) 

−1 (2c) 

−1 −1 −1 −1 (2d) 

−1 (2c) 

−1 

CQ (MHz, 

0.1) 

6.5 (2a) 

1.6 (2c) 

7.2 (2a) 

4.7 (2c) 

0.7 4.4 1.1 1.2 (2d) 

4.1 (2c) 

5.3 

 (0.1) 0 (2a) 

0 (2c) 

0 (2a) 

0 (2c) 

0 0 0.0 0 (2d) 

0 (2c) 

+0.0 

199Hg parameters c 

iso (ppm, 0.5)     −540.9 −667d  376d 

 (ppm, 5)     183 152 149 

 (0.05)     +0.95 +1 +1 
a Non-spinning 119Sn NMR (B0 = 9.4 T) were used to determine the parameters (Figure 3. 3). 
b Non-spinning 65Cu NMR acquired at 7.05, 11.75 and 21.1 T were used to determine the parameters (Figure3. 6). 
c Non-spinning 199Hg NMR (B0 = 9.4 T) were used to determine the parameters (Figure3. 7). 
d GIPAW-DFT computed isotropic chemical shift (iso, ppm) values. Note that spin-orbit effects are unaccounted. 

 

3.3.2 Local structure around Sn 

 The Sn atoms occupy one set of sites at 2b (0, 0, ½; ½, ½, 0) in Cu2HgSnS4, similar to the 

Sn sites found in both Cu2ZnSnS4 and Cu2CdSnS4 compounds. They are surrounded in the first 

coordination sphere by four S atoms in tetrahedral geometry and in the second coordination sphere 

by eight Cu and four M atoms, but the arrangement of these atoms differs in Cu2ZnSnS4 vs 
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Cu2CdSnS4 and Cu2HgSnS4. These different environments were examined by 119Sn NMR 

spectroscopy (I = ½; 8.6% natural abundance; 𝛯 = 37.29%)53, which is a highly sensitive technique 

showing a wide diamagnetic chemical shift range of up to 6000 ppm.54–57  The single resonance 

seen in the 119Sn MAS NMR spectra for all three compounds is consistent with the presence of a 

unique Sn site, with the isotropic chemical shift (iso) in Cu2ZnSnS4 (−120.9 ppm) found at a 

significantly lower frequency than in Cu2CdSnS4, iso = −81.5 ppm and Cu2HgSnS4, iso = −89.8 

ppm (Figure A3.2 in Appendix 3). 

 The non-spinning 119Sn NMR spectra, which provide information about the CSA tensor, 

show that the span is narrow in Cu2ZnSnS4 (30 ppm) but wide in Cu2CdSnS4 (110 ppm) and 

Cu2HgSnS4 (113 ppm) indicating a less symmetric Sn environment (Figure 3.3). The skew is 

negative for Cu2ZnSnS4 (−0.45), but positive and close to unity for both Cu2CdSnS4 and 

Cu2HgSnS4 (+0.95), indicating axially symmetric CSA tensors with 33 as the unique component.  

These results can be understood in terms of the tetrahedral coordination around the Sn sites by S 

atoms, which form nearly ideal angles in Cu2ZnSnS4 (109.5), but show deviations in Cu2CdSnS4 

(108.7−109.8) and Cu2HgSnS4 (100.0−114.4).18,20,58 This effect may be further influenced by 

the arrangement of Cu and M atoms in the second coordination sphere, which is closer to spherical 

symmetry in Cu2ZnSnS4, by virtue of the Cu atoms lying on all planes, in contrast to the axially 

symmetric symmetry in Cu2CdSnS4 and Cu2HgSnS4, by virtue of the Cu atoms lying on alternate 

planes. GIPAW DFT computed CSA tensor components bisect the SnS4 tetrahedral angles with 

the 11 and 22 components found to be out of the plane of the page for Cu2CdSnS4 and Cu2ZnSnS4, 

respectively. From GIPAW DFT computations on Cu2HgSnS4, the computed span in Cu2HgSnS4 

is 104 ppm (Kabalov model) or 52 ppm (Kaplunnik model), and the skew is +1, in reasonable 

agreement with observations. 
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Figure 3.3.  Experimental (black) and spectral simulation (blue) of non-spinning 119Sn NMR 

spectra and local chemical environments around Sn atoms for Cu2ZnSnS4, Cu2HgSnS4, and 

Cu2CdSnS4. GIPAW DFT CSA tensors, 11, 22 and 33 are shown as green arrows (top). The 

resemblance of 119Sn local chemical environment with Cu2CdSnS4 is indicated with a ✔︎ (green), 

whereas the disagreement with Cu2ZnSnS4 is indicated with an X (red). The experimental NMR 

simulations (blue) were performed using the Dmfit software. 

 

3.3.3 Local structure around Cu 

 The most definitive evidence to determine the number of crystallographically inequivalent 

Cu sites in Cu2MSnS4 (M = Zn, Cd, Hg) was provided by the 63/65Cu NMR spectra.  The first 

coordination sphere consists of four S atoms and the second coordination sphere consists of four 

Cu, four M, and four Sn atoms, but in different arrangements. The 63Cu NMR spectra (I = 3/2; 

69.7% natural abundance, Q = −22.0 fm2, 𝛯 = 26.5%)53 show two resonances for Cu2ZnSnS4 with 

centre of gravity shifts (cgs) of 793 and 749 ppm, but one for Cu2CdSnS4 (cgs = 753 ppm) and 



83 

 

Cu2HgSnS4 (cgs = 810 ppm) (Figure 3.4). These observations confirm the presence of two Cu 

sites (2a, 2c) in Cu2ZnSnS4 vs one site (4d) in Cu2CdSnS4. The occurrence of one resonance in 

Cu2HgSnS4 supports the Kaplunnik model in which Cu atoms occupy one site (4d), as in 

Cu2CdSnS4, and rules out the Kabalov model in which Cu atoms occupy two sites (2c, 2d) which 

differ slightly in Cu−S distances. 

 

Figure 3.4.  63Cu MAS NMR spectra and local environments around Cu atoms for Cu2ZnSnS4 

(ωr/2π = 62.5 kHz), Cu2CdSnS4 (ωr/2π = 31.25 kHz), and Cu2HgSnS4 (ωr/2π = 62.5 kHz).  Central 

transitions are enlarged in the insets. Asterisks mark spinning sideband 

 

 To discount the possibility that sizeable quadrupolar interactions or poor spectral resolution 

could hinder the detection of additional Cu sites, MAS 63Cu and non-spinning 65Cu NMR spectra 

were simulated from GIPAW DFT calculations for Cu2HgSnS4 with these two models (Figure 

3.5). Under experimental conditions of 21.1 T, the resonances for the two Cu sites in the Kabalov 

model would be clearly resolvable, with moderate CQ values and distinguishable isotropic 
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chemical shifts. Instead, these quantum chemical computations strongly favour the Kaplunnik 

model containing one Cu site, although they do overestimate the 63/65Cu quadrupole coupling 

constant.  

 

Figure 3.5.  Experimental (black) and DFT (blue) predicted (a) 63Cu MAS and (b) 65Cu non-

spinning NMR spectra for Cu2HgSnS4. The parameters for the DFT predicted spectra are listed in 

Table 3.2. 

 

The lineshapes in the 65Cu NMR spectra (I = 3/2; 30.8% natural abundance, Q = −20.0 fm2, 

𝛯 = 28.4%)31,53 were examined in detail because they are particularly sensitive to distortions 

around the Cu atoms, given the strong interaction between the quadrupolar moments of 65Cu nuclei 

with the local EFG.59 To investigate the effect of magnetic shielding anisotropy and quadrupole 

coupling parameters effectively, NMR data were acquired at three magnetic field strengths, 

whereby the CSA interaction is more prominent at higher magnetic fields, while the second-order 

quadrupolar interaction is diminished. Based on fits of the 65Cu NMR spectra at different magnetic 

fields (7.05, 11.75, and 21.1 T) at kHz (Figure 3.6) and ppm (Figure A3.3 in Appendix 3) scale, 

the CSA and quadrupolar parameters were determined (Table 3.2). For Cu2ZnSnS4, two 

resonances at iso = 804 and 786 ppm are apparent, which correspond to the 2a (Cu2) and 2c (Cu1) 
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sites, respectively. From the deconvoluted spectra (Figure A3.4 in Appendix 3), the relative areas 

under these peaks are roughly equal, but the 2a site experiences a larger CQ (6.5 MHz) than the 2c 

site (1.5 MHz), which correlates with greater deviations from ideal tetrahedral angles 

(106.6−110.9 for 2a, 108.9−110.6 for 2c).58  The resonance for the 2a site narrows with the 

stronger magnetic field, indicating that quadrupolar interaction is the main factor affecting 

linewidth. In contrast, for Cu2CdSnS4 and Cu2HgSnS4, the 65Cu NMR spectra show single 

resonances dominated by CSA as the linewidth (in kHz) of the resonances increases with 

increasing magnetic field. 

 

Figure 3.6.  Experimental (black) and spectral simulations (blue) for non-spinning 65Cu NMR 

spectra at three different magnetic fields for Cu2ZnSnS4, Cu2HgSnS4 and Cu2CdSnS4. GIPAW 

DFT EFG tensors (Vxx, Vyy, and Vzz) are shown as blue arrows with merged CSA tensors (top). 

The resemblance of 65Cu chemical environment with Cu2CdSnS4 is indicated with an ✔︎ (green), 

whereas the disagreement with Cu2ZnSnS4 is indicated with an X (red). The experimental NMR 

simulations (blue) were performed using the Dmfit software 

 Within the entire series, the maximum  value increases from 270 to 300 ppm on 

proceeding from Cu2ZnSnS4 to Cu2HgSnS4, the  values of +1 or −1 imply that all Cu CSA tensors 

are axially symmetric, and the  values of 0 (or nearly so) imply that the magnitudes of Vxx and 

Vyy are equal, within error. CSA tensor components were coincident with the axially symmetric 
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EFG tensor components where 11 and Vxx are out of the plane of the page, while the Vzz (33) and 

Vyy (22) bisect the angles within CuS4 tetrahedra.60 

 

3.3.4 Local structure around Hg in Cu2HgSnS4 

 Although 199Hg NMR spectroscopy (I = 1/2; 16.9% natural abundance, 𝛯 = 17.1%)53 is a 

sensitive method for probing short- and medium-range environments, with a sizeable chemical 

shift range spanning over 5000 ppm,61 it has rarely been applied to purely inorganic compounds, 

such as Hg-containing chalcogenides.62,63  The 199Hg NMR spectrum for Cu2HgSnS4 shows a 

single resonance (Figure 3.7), which is consistent with the presence of a unique Hg site (2a), 

surrounded by eight Cu and four Sn atoms in the second coordination sphere, in either the Kabalov 

or Kaplunnik models.  The isotropic chemical shift is −540.9 ppm, indicating a strongly deshielded 

environment around the Hg atoms in Cu2HgSnS4 compared to other previously reported inorganic 

compounds.33,64,65 The CSA parameters extracted from fitting the non-spinning NMR spectrum 

agree well with computed values (Table 3.2), with a near axially symmetric CSA tensor ( = 

+0.95) and a span of Ω = 1835 ppm. 
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Figure 3.7.  Experimental (black) MAS (a) and non-spinning (b) 199Hg NMR spectra for 

Cu2HgSnS4. The parameters for the simulated NMR spectrum (blue) are listed in Table 3.2, which 

were fit using the Dmfit software. The asterisks mark spinning sidebands. 

 

3.3.5 Effect of annealing on Cu2HgSnS4 

 Cu2HgSnS4 was synthesized through an initial heating at 700 C for 2 d, followed by a 

repeated heat treatment at 700 C for 1 d. It is interesting to evaluate if there are any changes to 

the long-range vs local structures after these treatments by examining powder XRD patterns as 

well as 119Sn and 199Hg MAS NMR spectra (Figure 3.8). The XRD patterns were not perceptibly 

different. However, after the second heating, the initially broad asymmetric peaks in the NMR 

spectra become more Gaussian-like and narrowed significantly (FWHM decreasing from 2.6 to 

1.6 kHz in 119Sn NMR spectrum, and 3.7 to 2.0 kHz in 199Hg NMR spectrum). These observations 

suggest that an ordering phenomenon, of uncertain origin, takes place in a short-to-medium range 

that is undetected by XRD. 
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Figure 3.8.  Effect of annealing Cu2HgSnS4 monitored by (a) powder XRD, (b) 119Sn MAS NMR, 

and (c) 199Hg MAS NMR spectroscopy. 

 

 For example, it can be speculated that longer annealing times improve the degree of 

crystallinity through further ordering of the Sn- and Hg-centred polyhedra (i.e., by reducing local 

distortions in bond lengths and angles); alternatively, a reduction in S vacancies could be promoted 

during the annealing step, which may influence the linewidths. One could further consider site 

mixing between Sn/Hg, creating different medium-range (i.e., second cation sphere) chemical 

environments for Sn and Hg, which could influence the chemical shift distributions of these nuclei. 

If these chemical shifts are closely spaced, they would induce peak broadening. However, 

significant mixing is not expected to occur due to the considerable mismatch of cation size and 

charge for Sn4+ vs Hg2+, although a low level of mixing (<2%) cannot be ruled out. 
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3.3.6 Optical band gaps and electronic structure of Cu2MSnS4 

 Tauc plots were derived from the optical diffuse reflectance spectra (Figure A3.5 in 

Supplementary Data).  The extracted band gaps, based on the assumption that they are direct (as 

described below), follow a clearly decreasing trend of 1.5 eV for Cu2ZnSnS4, 1.2 eV for 

Cu2CdSnS4, and 0.9 eV for Cu2HgSnS4.  These band gaps are consistent with the black colour of 

these samples66 and agree well with calculated values, for which there is no shortage in the 

literature.12,67  Experimental band gaps have generally been reported to be close to 1.5 eV for 

Cu2ZnSnS4,
68,69 with variations attributed to Cu/Zn disorder which introduces tailing in the optical 

spectra and decreases to 1.3−1.4 eV for Cu2CdSnS4.
18,70–72 In contrast, relatively less is known 

about Cu2HgSnS4, for which an experimental band gap of 1.3 eV was estimated from valence band 

XPS spectra.10 

 The band structure, DOS, and −pCOHP curves for these compounds were determined from 

DFT calculations using the hybrid HSE06 functional, which gives better estimates of band gaps 

(Figure A3.6 in Appendix 3). The valence band is dominated by Cu 3d and S 3p states, and splits 

into lower and higher energy regions caused by the tetrahedral crystal field around Cu atoms, 

corresponding to Cu−S bonding and antibonding interactions, as verified by the −pCOHP curves.  

The bottom of the conduction band is dominated by Sn 5s and S 3p states involved in Sn−S 

antibonding interactions. The valence and conduction band extrema are located at the Brillouin 

zone centre, indicating direct band gaps, which decrease on proceeding from Cu2ZnSnS4 to 

Cu2HgSnS4 because the bottom of the conduction band is lowered in energy.  In agreement with 

the experimental values (as well as previous calculations on these compounds),12,67 the calculated 

direct band gaps are 1.48 eV for Cu2ZnSnS4, 1.24 eV for Cu2CdSnS4, and 0.86 eV for Cu2HgSnS4. 
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 The bonding character in these Cu2MSnS4 (M = Zn, Cd, Hg) compounds was examined 

through ELF plots and Bader charges (Figure 3.9). The ELF plots suggest significant polar 

character in the bonding, with electron density strongly shifted toward the S atoms.  In comparison 

to the charges assigned in a fully ionic formulation, (Cu1+)2M
2+Sn4+(S2−)4, the Bader charges are 

not as extreme, but their relative values are in good agreement: 0.4+ to 0.6+ for Cu, 0.7+ to 1.0+ 

for M, 1.4+ to 1.6+ for Sn, and 0.8− to 1.0− for S atoms.  Given the high electronegativity of Hg, 

the smallest electronegativity differences and the least extreme charges are found in Cu2HgSnS4; 

this leads to greater covalent character, as seen in the enhanced overlap of electron density in the 

Hg−S bonds. 

 

Figure 3.9.  ELF plots and Bader charges for Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4, projected 

on slices parallel to the (010) plane centred around y = ½. 
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3.4 Conclusions 

 Comparison of the experimental and simulated 63/65Cu NMR spectra revealed one Cu site 

in Cu2HgSnS4 with similar local structural parameters to Cu2CdSnS4, whereas two Cu sites are 

present in Cu2ZnSnS4. The CSA and CQ NMR parameters are reliably determined using multiple 

magnetic fields, previously lacking in the literature. These parameters agree reasonably well with 

the GIPAW-DFT computations, although the magnitude of the 63/65Cu quadrupole coupling 

constant remains overestimated. Moreover, it was found that these NMR parameters correlated 

with small changes in the local environment and the degree of distortion around metal atoms in 

these compounds.  The results support the structural assignments previously made from XRD 

methods; in particular, Cu2HgSnS4 was confirmed to be isotypic to Cu2CdSnS4, adopting the so-

called stannite-type structure in space group 𝐼4̅2𝑚 (i.e., Kaplunnik model). The 199Hg NMR 

spectra suggest that annealing treatments of Cu2HgSnS4 help promote ordering, on a local level 

that is undetectable by XRD methods. An important implication of this observation is that these 

small structural changes need to be considered when physical properties are evaluated for 

compounds prepared by different synthetic methods. The band gap follows a clearly decreasing 

trend from 1.5 eV for Cu2ZnSnS4 to 0.9 eV for Cu2HgSnS4, a reflection of the greater covalent 

character imparted by the decreased electronegativity difference in Hg−S bonds. 
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Chapter 4  

Influence of Ge substitution on the structure and optoelectronic properties of 

Cu2ZnSn1−xGexS4 photovoltaic materials  

 

4.1 Introduction 

Among alternatives to silicon as commercial-grade photovoltaic materials, various 

materials such as gallium arsenide (GaAs), copper indium gallium selenide (CuIn1−xGaxSe2), 

hybrid metal halide perovskites, and others have been studied.1–4 Unfortunately, many hurdles 

such as cost, stability, and long-term environmental impact of some leading candidate materials 

have precluded their widespread application.1,5,6 On this premise, Cu2ZnSnS4, often referred to by 

its mineral name kesterite, has emerged as a promising photovoltaic material due to its direct band 

gap (1.5 eV), a high absorption coefficient (104 cm−1), and composition derived from inexpensive 

and earth-abundant elements.7–10 The power conversion efficiency reached for Cu2ZnSnS4 is 

around 9%, which still lags far behind that for Si, CuIn1−xGaxSe2, and perovskites.11,12 To improve 

the solar cell efficiency, the usual approach has been to substitute other cations in Cu2ZnSnS4: 

monovalent elements (Li, Ag) for Cu, divalent elements (Cd, Ba, Fe, Co, Ni, Mn) for Zn, or Ge 

for Sn.13–19 In particular, partial substitution of Ge for Sn reduces open-circuit voltage (Voc) deficit 

and increases photovoltaic efficiency.19–22 For example, Kim et al. reported significant 

improvements in photoconversion efficiency by substituting 22% of Sn by the smaller congener 

Ge within the series Cu2ZnSn1-xGexS4.
23  Because structure and physical properties are correlated, 

it is imperative to conduct a thorough structural evaluation on Cu2ZnSn1−xGexS4 to gain insight 

into how to improve the photovoltaic efficiency of these compounds. 
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Based on convergent-beam electron diffraction and lattice imaging, Moodie et al. proposed 

that Cu2ZnGeS4 adopts a structure in space group 𝐼4̅2𝑚, in which planes of Zn–Ge atoms are 

located at z = 0 and ½, and planes of Cu atoms are located at z = ¼ and ¾.24  This structural model 

has been assumed in several publications without further verification.25–28 On the other hand, based 

on observation of tetragonal distortion of the cell parameters refined from X-ray diffraction, 

Khadka et al. proposed that Cu2ZnGeS4 adopts a structure in space group I4̅, in which planes of 

Cu–Sn atoms are located at z = 0 and ½, and planes of Cu–Zn atoms are located at z = ¼ and ¾.29 

The main difference is that Cu atoms occupy two sets of sites (2a and 2c) in the I4̅  model, whereas 

they occupy a single set of sites (4d) in the 𝐼4̅2𝑚 model (Figure 4.1). Because Cu+, Zn2+, and Ge4+ 

are isoelectronic and have similar X-ray scattering factors, it is difficult to determine the cation 

distribution unequivocally.30 

 

Figure 4.1.  Crystal structures of Cu2ZnSnS4, Cu2ZnSn0.6Ge0.4S4 and Cu2ZnGeS4. Two structural 

models were proposed for Cu2ZnGeS4, consisting of two sets of Cu sites in 𝐼4̅, in contrast to one 

set of Cu sites in 𝐼4̅2𝑚. 
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 Solid-state nuclear magnetic resonance (NMR) spectroscopy provides element-specific 

information about local environments around atoms, allowing the effects of chemical substitution, 

cation disorder, and phase segregation of nanodomains to be probed. For example, 119Sn, 63/65Cu, 

and 67Zn NMR spectroscopy have been used to confirm the crystal structure of Cu2ZnSnS4 and to 

investigate the cation and anion distributions in (Cu1−xLix)2ZnSnS4, Cu2Zn1−xCdxSnS4, 

Cu2ZnSn(S1−xSex)4, Cu2ZnSn1-xSixS4, and Cu2ZnGeS4.
31–35 A similar approach of applying solid-

state NMR spectroscopy can be proposed to clarify the site distributions in Cu2ZnSn1-xGexS4. 

 This study reports a detailed analysis of 63/65Cu, 67Zn, 73Ge, and 119Sn NMR and X-ray 

diffraction measurements to resolve the competing proposals for the site distributions in 

Cu2ZnGeS4 and to reveal how they change as Ge and Sn are mixed in the solid solution series 

Cu2ZnSn1-xGexS4. 
63/65Cu NMR measurements and GIPAW-DFT calculations were applied to 

assign the structure of Cu2ZnGeSe4 unambiguously. Moreover, because 67Zn NMR spectroscopy 

shows excellent sensitivity to local environment effects, it was used to provide insight into the 

cation distribution. Optical band gaps were measured by UV-visible spectroscopy. The electronic 

structure calculations were performed to understand the band structure and chemical bonding. 

 

4.2 Experimental 

4.2.1 Synthesis  

Cu powder (99.5 %, Alfa-Aesar), Zn grains (99.9%, Baker Analyzed), Sn powder (99.9 %, 

Cerac), Ge powder (99.9%, Alfa-Aesar), and S flakes (99.9 %, Sigma‐Aldrich) were used as 

starting materials to synthesize Cu2ZnMSnS4 (M = Sn, Ge) compounds. Stoichiometric mixtures 

of Cu, Zn, Sn, Ge, and S were cold-pressed into pellets and placed in carbon-coated fused silica 

tubes, which were evacuated and sealed. The tubes were heated in a box furnace to 250 C at a 
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rate of 50 C/h, held there for 2 h, heated to 700−750 C at a rate of 30 C/h, held there for 4 days, 

and then cooled to room temperature over 24 h. The samples were ground, reloaded in fused silica 

tubes, and subjected to a second heat treatment at 700−750 °C for 4 d. 

 

4.2.2 X-ray diffraction and energy-dispersive X-ray analysis  

Powder X-ray diffraction (XRD) patterns for the samples were collected on a Bruker D8 

Advance diffractometer equipped with an SSD160 detector and Cu Kα radiation source operated 

at 40 kV and 40 mA. The cell parameters were determined using the FullProf software suite, with 

the profiles fitted by the Le Bail method for all compounds. Rietveld refinement was performed 

on the patterns for Cu2ZnSnS4 and Cu2ZnGeS4.
36 The elemental compositions were determined by 

energy-dispersive X-ray (EDX) analyses, performed using a Zeiss Sigma 300 VP-FESEM 

scanning electron microscope, operated with an accelerating voltage of 15 kV. 

 

4.2.3 Diffuse reflectance spectroscopy 

Optical diffuse reflectance spectra for all compounds were collected from 200 nm (6.2 eV) 

to 1600 nm (0.8 eV) on a Cary 5000 UV-Vis-NIR spectrophotometer, which was calibrated using 

an optical polytetrafluoroethylene disc (>98% reflectivity) as a standard. The reflectance spectra 

were converted to optical absorption spectra using the Kubelka-Munk function:  

𝐹(𝑅) =  
𝛼

𝑆
 =  

(1−𝑅)2

2𝑅
  

where  is the Kubelka–Munk absorption coefficient, S is the scattering coefficient, and R is the 

reflectance.37 
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4.2.4 Solid-state nuclear magnetic resonance spectroscopy 

Solid-state NMR spectra were collected on Bruker Avance Neo 300 (B0 = 7.05 T), Avance 

Neo 500 (B0 = 11.75 T), and Avance II 900 (B0 = 21.1 T) spectrometers using double resonance 

(H/X) MAS Bruker probes. The details of acquisition parameters are listed in Table A4.1 in 

Appendix. Additional 119Sn slow-spinning MAS NMR data were collected for Cu2ZnSnS4 and 

Cu2ZnSn0.4Ge0.4S4. Samples were ground into fine powders using an agate mortar and pestle, and 

then packed into 4-mm outer diameter (o.d.) ZrO2 rotors, which were sealed with Kel-F caps or 

1.3-mm o.d. ZrO2 rotors with Vespel top and bottom caps. Non-spinning 65Cu NMR data were 

collected using a home-built 4 mm static solenoid probe (pure Ag R.F. coil to minimize probe 

background from Cu metal). NMR spectra were referenced using (C6H11)4Sn(s) (−97.5 ppm for 

119Sn NMR), 1 M Zn(NO3)2 (aq) (0 ppm for 67Zn NMR), GeCl4 (+30.9 ppm for 73Ge) or CuCl(s) 

(0 ppm for 63/65Cu NMR).38–41 The NMR spectra were processed using the Bruker TOPSPIN 4.0.6 

software suite with 50–200 Hz exponential apodization and plotted using Origin 2020. The Dmfit 

program42 was used to fit the 63/65 Cu, 67Zn, 73Ge, and 119Sn NMR data to extract the unique NMR 

parameters for each compound. 
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4.2.5 Definitions of NMR parameters 

NMR spectra of solids are typically discussed using chemical shift anisotropy (CSA) and 

quadrupolar interactions.43–49 

a. CSA 

(i) Isotropic chemical shift, iso = 
(11 + 22 + 33)

𝟑
, where 11 ≥ 22 ≥ δ33 

(ii) Span,  = 11 − 33, which describes the breadth of the pattern. 

(iii) Skew,  = 
𝟑(22 − iso)


, which describes the shape of the powder pattern. 

b. Quadrupolar interactions (I > ½) 

(i) Nuclear quadrupole coupling constant, 𝑪𝑸 =  
𝒆𝑸𝑽𝒛𝒛

𝒉
, where e is the elementary charge, Q is 

the quadrupolar moment of the nucleus, Vzz is the largest principal component of electric field 

gradient (EFG), and h is Planck’s constant. CQ describes the strength of the quadrupolar interaction 

between the nucleus and the surrounding EFG. 

(ii) Asymmetry parameter, η = (Vxx − Vyy)/Vzz, where |Vxx| ≤ |Vyy| ≤ |Vzz|. η describes 

quadrupolar NMR line shape. 

 

4.2.6 Quantum chemical computations 

Calculations of chemical shift tensors and electric field gradients (I > ½) were performed 

using CASTEP,50 which uses a gauge-including projector augmented plane wave (GIPAW) basis 

set suitable for periodic structures. The Perdew-Burke-Ernzerhof (PBE) functional was used in the 

generalized gradient approximation (GGA) for the exchange-correlation energy and ultrasoft 

pseudopotentials.51–53 All calculations were performed with an extreme accuracy basis set 

precision, maximum plane-wave energy of 600 eV, zeroth-order regular approximation for 
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relativistic effects, and a Monkhorst-Pack grid of 12 × 12 × 6 k points for Cu2ZnMS4 (M = Sn, 

Ge). To simulate the DFT predicted spectra, calculated magnetic shieldings were set to 

experimental shielding. 

Electronic structure calculations were performed using the projected augmented wave 

method as implemented in the Vienna ab initio simulation package (VASP Version 5.4.4).53–55 The 

GGA parameterized by PBE was used to treat exchange and correlation.51,56,57 The recommended 

standard PAW potentials (Cu, Zn, S, Sn_d, and Ge_d) were used with the plane-wave basis cutoff 

energy set to 400 eV. A 9 × 9 × 5 gamma-centred k-point grid was used to sample the first 

Brillouin zone. The relaxation of the electronic degrees of freedom was set to be stopped if the 

changes in total energy and band structure energy between two steps were smaller than 10−6 eV. 

The break condition for the ionic relaxation loop was set if the norms of all the forces became 

smaller than |−2×10−2|. 

The HSE06 functional (PBE:Hartree-Fock (65:35)) was used to correct the significant 

underestimation of the PBE band gap. To reduce computational cost, spin-orbit interactions were 

not considered. Chemical bonding was examined by evaluating electron localization functions 

(ELF), Bader charges, projected crystal orbital Hamilton populations (−pCOHP), and crystal 

orbital bond index (COBI) using the program LOBSTER (version 4.1.0).58–62 
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4.3 Results and discussion 

4.3.1 Crystal structure of Cu2ZnSn1−xGexS4 

A series of bulk samples Cu2ZnSn1−xGexS4 were prepared by reaction of elements between 

700 and 750 oC. EDX analysis confirmed that the elemental compositions of these samples agree 

well with the nominal compositions (Table A4.2 in Appendix 4). The powder XRD patterns 

indicate that all samples are phase-pure (Figure 4.2a). For the parent compounds Cu2ZnSnS4 and 

Cu2ZnGeS4, the experimental XRD patterns match with those simulated with the structure 

assignment in space group I4̅. The tetragonal cell parameters (a, c, V) were refined from these 

XRD data (Table A4.3 in Appendix 4). The unit cell contracts as Sn is substituted by Ge, and the 

refined cell parameters decrease linearly on proceeding from Cu2ZnSnS4 to Cu2ZnGeS4, consistent 

with the relative sizes of the ions (0.55 Å for Sn4+ vs 0.39 Å for Ge4+ for CN4) and implying a 

random mixing of Sn and Ge atoms. The c/2a ratio serves as a useful measure of the degree of 

tetragonal distortion (Table A4.3 in Appendix 4). For Cu2ZnSnS4, the ratio is 0.997, which is close 

to 1, implying all the metal-centred tetrahedra are nearly undistorted (Figure 4.2b). This ratio 

deviates increasingly from 1 with greater Ge substitution, reaching 0.983 for Cu2ZnGeS4 where 

the tetragonal distortion is most pronounced, as evidenced by the clear splitting of 220 and 240 

peaks nearly 47 in 2 in the powder XRD pattern.  Sometimes this splitting is misinterpreted as 

a means to infer the space group and site distribution, but a proper structure determination requires 

a detailed analysis of both the XRD and solid-state NMR data. 
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Figure 4.2.  (a) Powder XRD patterns of Cu2Zn1−xGexSnS4, where x varies from 0 to 1. The 220 

and 204 peaks overlap for lightly substituted Ge members, but become split for highly substituted 

Ge members. (b) Evolution of tetragonal unit cell parameters (a and c/2) and tetragonal distortion 

parameter (c/2a) with respect to Ge content. 
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4.3.2 Local structure around Sn 

 For Cu2ZnSnS4, the Sn atoms occupy one set of sites at 2b (0, 0, ½; ½, ½, 0) with site 

symmetry 4̅.. in space group I4̅. Each Sn atom is surrounded by four S atoms in the first 

coordination sphere, and by eight Cu and four Zn atoms in the second coordination sphere (Figure 

4.3b). Because 119Sn NMR spectroscopy (I = 1/2; 8.6% natural abundance; 𝛯 = 37.3%)63 is highly 

sensitive to the chemical environment about Sn, with a chemical shift range of ~6,000 ppm in 

diamagnetic solids, it is an ideal method to probe the intermediate-range structural variation within 

the Cu2ZnSn1−xGexS4 series.64–67 The 119Sn magic-angle spinning (MAS) NMR spectra (Figure 

4.3a) exhibit a single resonance with an isotropic chemical shift (δiso) of −121 ppm, consistent with 

a unique Sn chemical environment. As Ge is substituted for Sn, the 119Sn isotropic chemical shift 

moves toward higher frequency in a nearly linear fashion up to x = 0.4, remains constant at x = 

0.6, and increases further at x = 0.8 (Figure 4.3c). The full width at half maximum (FWHM) of 

the peaks for intermediate compositions (Table A4.4 in Appendix 4) is greater than for the parent 

compound Cu2ZnSnS4 (FWHM = 795 Hz), which can be attributed to the more varied distribution 

of chemical environments having different bond distances and angles around the Sn sites as 

disorder of Sn and Ge atoms occurs in the medium range. 

 In previous studies on Cu2Zn1−xCdxSnS4, partially resolved 119Sn resonances were 

observed.32  However, for the present series Cu2Zn1−xGexSnS4, all 119Sn resonances (for x > 0) are 

found to be spectrally unresolved, with only an associated shift to lower frequency as Ge replaces 

Sn. Additional non-spinning and slow spinning (3 kHz) NMR spectra were collected at 11.75 T to 

probe the chemical shift anisotropy (Figure 4.3d). The extracted span and skew parameters are  

= 325 ppm and  = −0.450.05 for Cu2ZnSnS4, which are in good agreement with previous results 

and theoretical calculations (Table A4.5 in Appendix 4).32 



108 

 

 

Figure 4.3.  (a) 119Sn MAS NMR spectra (B0 = 7.05 T) for Cu2Zn1−xGexSnS4. (b) Coordination 

environments around Sn atoms for Cu2ZnSnS4 and Cu2ZnSn0.6Ge0.4S4 in space group 𝐼4̅. (c) 119Sn 

and 73Ge isotropic chemical shifts as a function of Ge content (x). (d) Experimental, simulated 

non-spinning and slow spinning (ωr/2π = 3 kHz) 119Sn spectra for Cu2ZnSnS4 (B0 = 11.75 T, δiso = 

−121 ppm, Ω = 32 ppm and κ = 0.4). The experimental NMR simulations (blue) were performed 

using the Dmfit software. 

 

A comparison of slow spinning Cu2ZnSnS4 and Cu2ZnSn0.4Ge0.6 data shows that the linewidth of 

spinning sidebands increases whereas the total number remains the same, implying that the Ge 

substitution leads to multiple spatial configurations, but has a negligible effect on span (Figure 

A4.1 in Appendix 4). 
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4.3.3 Local structure around Ge 

 For Cu2ZnGeS4, two models have been proposed, in space group I4̅ or 𝐼4̅2𝑚. In both cases, 

the Ge atoms located at one set of sites at 2b (0, 0, ½; ½, ½, 0), and each Ge atom is surrounded 

by eight Cu and four Zn atoms in cuboctahedral geometry in the second coordination sphere.  

However, the site symmetry of these Ge atoms and distribution of surrounding atoms differ in 

these models: site symmetry 4̅.. with Cu atoms lying on all planes in space group I4̅ vs site 

symmetry 4̅2𝑚 with Cu atoms lying on alternate planes in space group 𝐼4̅2𝑚 (Figure 4.4a and 

Figure A4.2 in Appendix 4).  It might be expected that 73Ge NMR spectroscopy would be effective 

in distinguishing between these different chemical environments around the Ge atoms in the two 

possible models.  Alas, the intrinsic properties of 73Ge nuclei (I = 9/2), which has a low natural 

abundance of 7.7%, a large quadrupolar moment of Q = –19.6 fm2, and a low resonance frequency 

of 𝛯 = 3.49% (relative to 1H), make it very challenging to perform these measurements.63  It is no 

surprise that 73Ge is regarded as an exotic nucleus.68  To date, there have been few solid-state 73Ge 

NMR studies on inorganic oxides and halides,41,69–73 and they have scarcely been applied to 

chalcogenides.74–76  

 The 73Ge NMR spectrum for Cu2ZnGeS4 exhibits a single resonance (cgs = 28.5 ppm), 

which is consistent with the presence of a unique Ge site (Figure 4.4b). With increasing Ge 

concentration, cgs gradually decreases from 21 to 29 ppm, which mimics the 119Sn NMR spectra 

for Cu2ZnSnS4 (Figure 4.3c), indicating the environments around the Ge and Sn atoms in these 

compounds are similar. The 73Ge resonance is sharp (FWHM = 95 Hz, ~3 ppm) and remarkably 

narrower for Cu2ZnGeS4 compared to the 119Sn resonance for Cu2ZnSnS4 (I = 1/2), implying that 

Ge resides in a highly symmetric environment with a narrow distribution of spatial configurations 

or lower amount of defects. 
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Figure 4.4.  (a) Local structure around Ge for Cu2ZnSn0.6Ge0.4S4 and Cu2ZnGeS4 in 𝐼4̅ structure 

model. (b) 73Ge MAS NMR spectra (B0 = 21.1 T) for Cu2Zn1−xGexSnS4. 

 

 Interestingly, the maximum linewidths for 73Ge and 119Sn NMR spectra are observed for 

Cu2ZnSn0.4Ge0.6S4 and Cu2ZnSn0.6Ge0.4S4, respectively, in which the concentrations of Ge and Sn 

are the same.  However, in the case of Cu2ZnGeS4, the presence of a spinning sideband manifold 

(satellite transitions) indicates a non-zero CQ (Figure A4.3 in Appendix 4). The best fits on non-

spinning and slow spinning 73Ge NMR spectra of Cu2ZnGeS4 give CQ = 0.3 MHz and η = 0 (Figure 

A4.3), which are in excellent agreement with computed values of CQ = 0.3 MHz and η = 0 based 

on structure model in 𝐼4̅ rather than 𝐼4̅2𝑚 (Table A4.5 in Appendix 4) It should be noted that 

while the DFT calculation predicts a small CSA ( = 26 ppm), it does not influence the fitting of 
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the experimental NMR data. Although 73Ge NMR is usually very challenging, signals were 

relatively easily to detect, even for a 5% Ge concentration, because of the highly symmetrical 

environment around the Ge atoms in these chalcogenides. I believe that these results will motivate 

NMR spectroscopists to perform more 73Ge measurements for related chalcogenides to extract 

valuable structural information. 

 

4.3.4 Local structure around Zn 

The Zn atoms in Cu2Zn1−xGexSnS4 occupy one set of sites at 2d (0, ½, ¾, ½, 0, ¼) with site 

symmetry 4̅.. in the 𝐼4̅ model, or at 2a (0, 0, 0; ½, ½, ½) with site symmetry 4̅2𝑚 in the 𝐼4̅2𝑚 

model.  In each case, the second coordination sphere consists of eight Cu and four Sn/Ge atoms. 

67Zn is a quadrupolar nucleus that reflects the interaction between the quadrupole moment of the 

nucleus and the local electric field gradient (EFG). As such, the NMR lineshape arising from this 

interaction strongly depends on the local and medium-range environment of the 67Zn nuclei and is 

sensitive to any distortions that may be present.77–81 To gain further insight into the environments 

around these atoms, 67Zn NMR spectra (I = 5/2; 4.1% natural abundance, Q  = 15.0 fm2, Ξ = 

6.3%)63 were obtained for the complete series Cu2ZnSn1−xGexS4.  For the parent compounds, a 

single resonance (iso) is seen at 361 ppm without any second-order contribution for Cu2ZnSnS4, 

and at 358 ppm with a marked second-order contribution for Cu2ZnGeS4 (Figure 4 5). This 

observation implies that unique Zn sites are present in both end-members, but they vary in the 

degree of distortion in the local environments. For the series, the resonances arising from Zn atoms 

can be separated into those with environment [Cu8Sn4], denoted as L(0), and those with 

environments [Cu8Sn4−nGen], denoted as L(n), where n ranges from 1 to 4. As more Ge is 

substituted in Cu2ZnSn1−xGexS4, cgs of the L(0) line increases from 359 (x = 0) to 382 ppm (x = 
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0.4) (Table A4.7 in Appendix 4) and then starts decreasing, suggesting that longer range effects 

may be imparted by Ge atoms beyond the second coordination sphere. 

 

Figure 4.5.   
67Zn MAS NMR spectra (B0 = 21.1 T) for Cu2Zn1−xGexSnS4 assigned with L(0) (blue) 

and L(n) (red). 

 

On the other hand, the intensity of L(n) (n =1−4) increases, with second-order quadrupolar 

lineshapes arising from greater electric field gradient due to the lowering of symmetry upon Ge 

substitution. The intensity of the L(0) line gradually decreases for lightly Ge-substituted 

compositions (x = 0, 0.05, 0.2), but it does not follow any trend for highly Ge-substituted 

compositions (x = 0.4, 0.6).  This finding suggests that Sn/Ge mixing is not random at the atomic 
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length scale, but may be suggestive of cation clustering or nanodomain formation for highly Ge-

substituted members. Note that it may not be possible to detect all the distinct Zn environments 

within [Cu8Sn4−nGen], because CQ can be very high for a particular value of n, resulting in broad, 

undetected resonances.73 

Non-spinning experimental spectra 67Zn NMR for Cu2ZnSnS4 (Ω = 29 ppm, κ = −0.5, CQ 

= 0.9 MHz, η = 0) and Cu2ZnGeS4 (CQ = 2.8 MHz, η = 0.2) agree well with the simulated spectra 

(Figure 4.6).  The higher CQ value for Cu2ZnGeS4 can be correlated with greater tetragonal 

distortion (c/2a) as evident from the XRD analyses. This experimental value of CQ is in better 

agreement with the computed value based on the 𝐼4̅ model (5.1 MHz) than on the 𝐼4̅2𝑚 model 

(7.2 MHz). 

 

 

Figure 4.6.  Experimental (black) and simulated (blue) non-spinning 67Zn spectra for Cu2ZnSnS4 

(iso = 361 ppm,  = 29 ppm,  = −0.5, CQ = 0.9MHz,  = 0) and Cu2ZnGeS4 (iso = 358 ppm, CQ 

= 2.8 MHz,  = 0.2) at 21.1 T. The experimental NMR simulations (blue) were performed using 

the Dmfit software. 
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4.3.5 Local structure around Cu 

We now turn to 63/65Cu NMR spectroscopy,34,35,77,82,83 which should provide the missing 

piece of the puzzle to reliably assign the appropriate structure for Cu2ZnGeS4. The Cu atoms 

occupy two sets of sites at 2a (0, 0, 0; ½, ½, ½) and 2c (0, ½, ¼; ½, 0, ¾) in space group 𝐼4̅, in 

contrast to one set of sites at 4d (0, ½, ½; 0, ½, ¾; ½, 0, 0; ½, 0, ¼) in space group 𝐼4̅2𝑚. The 

environment around Cu atoms can be generalized as [Cu4Zn4Sn4−nGen] (Figure 4.7a). The 63Cu 

NMR spectra (I = 3/2; 69.2% natural abundance, Q = −22.0 fm2, 𝛯 = 26.5%)63 acquired at 21.1 T 

with fast magic-angle spinning of 62.5 kHz reveal two 63Cu resonances for Cu2ZnSnS4 with cgs 

of 794 and 754 ppm, and similarly for Cu2ZnGeS4 with cgs of 797 and 561 ppm (Figure 4.7b). 

These observations confirm the presence of two distinct Cu sites (2a and 2c), consistent with the 

𝐼4̅ model. To support this structural assignment, DFT computations were performed to predict the 

NMR parameters and compare them with experimental spectra (Figure A4.4 in Appendix 4). The 

experimental spectra of Cu2ZnGeS4 agree well with the simulated spectrum for the structure in 𝐼4̅ 

instead of 𝐼4̅2𝑚. Note that the copper chemical shifts are sensitive to heating, caused by magic-

angle spinning at 62.5 kHz, so the centre-of-gravity shift is reported here; the isotropic chemical 

shift at room temperature is reported based on the non-spinning pattern (vide infra). 

Additional non-spinning 65Cu NMR spectra for Cu2ZnSnS4 and Cu2ZnGeS4 were acquired 

(Figure A4.5 in Appendix 4) at different magnetic fields (7.05, 11.75, and 21.1 T) to reliably 

determine the CSA and quadrupolar parameters (Table A4.5 in Appendix 4). For both compounds, 

two distinct resonances were observed:  at iso of 785 ppm (CQ = 6.5 MHz, 2a site) and 804 ppm 

(CQ = 1.5 MHz, 2c site) for Cu2ZnSnS4, and at iso = 705 ppm (CQ = 15.2 MHz, 2a site) and iso = 

812 (CQ = 4.3, 2c) for Cu2ZnGeS4. The 65Cu NMR spectra were deconvoluted to determine CSA 

and EFG parameters for 2a and 2c sites individually (Figure 4.7c, d). The relative areas of the two 
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peaks are nearly equal for both compounds, in agreement with the 𝐼4̅ model. The resonances for 

the Cu 2a site resonances become narrower with increasing magnetic field, indicating that the 

quadrupolar interaction is the dominant anisotropic interaction (Figure A4.5 in Appendix 4). 

 

Figure 4.7.  (a) Local environment around Cu atoms in Cu2ZnGeS4 (𝐼4̅). (b) 63Cu MAS (62.5 kHz) 

NMR spectra (B0 = 21.1 T) for Cu2ZnGeS4 and Cu2ZnSnS4 with two distinct resonances associated 

with 2a and 2c sites in 𝐼4̅ structure. Asterisks indicate spinning sidebands in the MAS NMR 

spectra. Deconvolution of non-spinning 65Cu NMR spectra for (c) Cu2ZnGeS4 and (d) Cu2ZnSnS4 

at 11.75 T. The experimental NMR simulations (blue) were performed using the Dmfit software. 

 

The difference in CQ for the 2a and 2c sites can be correlated to the degree of structural 

distortion of the Cu-centered tetrahedra. The bond angles around the 2a site, labelled as Cu2 

(108.5−109.9°), deviate more from the ideal tetrahedral angle (109.5o) than do those for the 2c site 

(109.2°) (Table A4.6 in Appendix 4); this conclusion is further supported by quantum chemical 
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calculations. Similarly, the difference in CQ for 2a site (108.1−112.3°) and 2c site (108.8 −110.8°) 

in Cu2ZnGeS4 can be related to the degree of structural distortion of the Cu-centered tetrahedra. In 

addition to the first coordination sphere, CQ is further affected by the arrangement of Cu and Sn/Ge 

atoms in the second coordination sphere in both Cu2ZnSnS4 and Cu2ZnGeS4. Moreover, the 

increase in the CQ values (2a and 2c) on proceeding from Cu2ZnSnS4 to Cu2ZnGeS4 can be 

correlated with the greater tetragonal distortion for Cu2ZnGeS4. The spans of 65Cu NMR peaks 

decrease on going from Cu2ZnSnS4 ( = 270 and 118 ppm) to Cu2ZnGeS4 ( = 150 and 83 ppm); 

the skew values of +1 or −1 imply that all Cu CSA tensors are axially symmetric and the 

magnitudes of Vxx and Vyy are equal within error. 

Lightly Ge substituted members (x = 0.05 and 0.2) exhibit two distinct resonances; 

however, these are broadened compared to those for the parent compounds, indicating that upon 

Ge substitution, both Cu sites experience a range of chemical shifts and EFGs, demonstrating their 

sensitivity to changes in nearby surroundings (Figure 4.8). For x = 0.8, three distinct resonances 

appear to be present:  the resonances at 592 and 375 ppm are close to the lower frequency horn of 

2c resonances for Cu2ZnSnS4 and Cu2ZnGeS4 respectively, while the resonances associated with 

498 ppm lie between these compounds (Figure 4.8b). Therefore, the origin of these resonances 

can be ascribed to the local environments [Cu4Zn4Sn4], [Cu4Zn4Ge4], and [Cu4Zn4Sn4-nGen], where 

1 < n < 4 at 592, 375, and 498 ppm respectively. For x = 0.4 and 0.6, the tailing toward lower 

frequency indicates that a range of CQ values arises from the variation in the medium-range 

environment within the [Cu4Zn4Sn4−nGen] network. The presence of two distinct 2a and 2c sites 

for all the members in Cu2ZnSn1−xGexS4 further confirms the 𝐼4̅ model throughout this series. 

Overall, the computed NMR parameters match reasonably well with the experimental parameters 

(Table A4.5 in Appendix 4). 
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Figure 4.8.  (a) 65Cu non-spinning NMR spectra (B0 = 21.T) and (b) enlarged views of low 

frequency region for Cu2Zn1−xGexSnS4. (c) Local structure around Cu1 (2c) and Cu2 (2a) sites for 

Cu2ZnGeS4 in 𝐼4̅. 

 

4.3.6 Optical band gaps and electronic structure of Cu2ZnSn1−xGexS4  

 Optical band gaps were measured by UV-Vis diffuse reflectance spectroscopy and 

determined from Tauc plots, with a direct band gap being assumed (Figure A4.6). The band gaps 

increase with greater Ge substitution, from 1.49 for Cu2ZnSnS4 to 1.97 eV for Cu2ZnGeS4. This 

increasing trend of band gaps agrees with previously reported results.84,85  

 Electronic structure calculations implemented with the HSE functional give band gaps of 

1.48 eV for Cu2ZnSnS4, 1.75 eV for Cu2ZnSn0.5Ge0.5S4, and 2.06 eV for Cu2ZnGeS4,
86,87 in good 

agreement with the experimental values (Table A4.3 in Appendix 4). The valence and conduction 

band extrema are found at the Brillouin zone centre, indicating direct band gaps (Figure A4.7). 
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The top of the valence band of these compounds is heavily dominated by the Cu 3d and S 3p states. 

In accordance with the tetrahedral crystal field around Cu atoms, the valence band is split into an 

upper (0 to about –3.0 eV) and lower parts (–3.5 to –6.5 eV). The upper region is dominated by 

antibonding states involving mixing of Cu 3d and S 3p states, and the lower region results from 

Cu−S and Sn−S bonding interactions and Zn−S antibonding interactions. The bottom of the 

conduction band involves Sn−S antibonding interactions (as well as Ge−S interactions in Ge-

substituted compounds). The conduction band minima shift to higher energy with greater Ge 

substitution. 

Bonding character of the metal-sulfur bonds was evaluated from COBI values.59 The Cu−S 

and Zn−S bonds tend to be more ionic (ICOBI of 0.20 and 0.22, respectively), whereas the Sn−S 

and Ge−S bonds tend to be more covalent (ICOBI of 0.84 and 0.87, respectively). ELF plots 

suggest polar character in the Cu−S bonds, for which the electron density is shifted closer to the S 

atoms, in contrast to the more equal sharing of electron density (yellow-green colours) within the 

Sn−S and Ge−S bonds (Figure 4.9). The Bader charges are not as extreme as charges assigned in 

a fully ionic formulation which is (Cu1+)2Zn2+(M)4+(S2-)4. However, their relative values are in 

good agreement with expectations: 0.4+ to 0.5+ for Cu, 0.9+ for Zn, 1.6+ for Sn, 1.4+ for Ge, and 

0.8− to 0.9− for S. 
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Figure 4.9.  Electron localization function, projected on slices parallel to the (001) plane at z = 0 

(top) and ¼ (bottom), with Bader charges shown for (a) Cu2ZnSnS4, (b) Cu2ZnSn0.5Ge0.5S4, and 

(c) Cu2ZnGeS4. 

 

4.4 Conclusions 

Within the solid solution Cu2ZnSn1−xGexS4, the 119Sn and 73Ge chemical shifts are sensitive 

to structural changes upon Ge substitution. Although magnetic shielding is governed by both 

electronic and chemical structures, the chemical shifts increase with larger band gaps. This seems 

counterintuitive because the chemical shift would be expected to decrease with increasing band 

gap, given that the paramagnetic contribution is inversely related to the average excitation energy 

(ΔE) corresponding to the band gap energy.88–90 This general argument often holds true for 

nanomaterials when the influence of only the diamagnetic and paramagnetic magnetic shielding 

contributions are considered. However, these trends can also be affected by spin-orbit 

contributions, which have been shown to be substantial in Sn-containing semiconductors.91 

This study has resolved some earlier ambiguities about the structure of Cu2ZnSn1−xGexS4. 

The experimental spinning and non-spinning 63/65Cu solid-state NMR, in combination with DFT 
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calculations, support the I4̅ model for Cu2ZnGeS4, as seen by the occurrence of multiple local 

environments [Cu4Zn4Sn4], [Cu4Zn4Sn4-nGen], and [Cu4Zn4Ge4]. The surprisingly narrow 

linewidth of the 73Ge NMR spectra, which are the first obtained for these chalcogenides, implies a 

highly symmetric chemical environment around the Ge atoms. The degree of distortion around Cu 

atoms was related to CQ parameters, and variable-field 65Cu NMR allowed reliable CSA and EFG 

parameters to be determined. The 67Zn NMR suggested possible formation of domains for the 

highly substituted members (x > 0.2). Electronic structure calculations confirm that the band gap 

becomes wider with greater Ge substitution and help to quantify the bonding character in these 

compounds. 

 It was observed that 63/65Cu NMR data are highly sensitive to local chemical environment, 

providing important structural information for several series of quaternary chalcogenides, 

including Cu2ZnSnS4, Cu2CdSnS4, Cu2HgSnS4, and Cu2ZnGeS4 (discussed here). Initially, 63/65Cu 

NMR spectroscopy provided insight into local structural evolution upon Cd substitution in 

Cu2ZnSnS4. Moreover, it revealed two crystallographically inequivalent Cu sites in Cu2ZnSnS4, 

providing conclusive evidence in favour of the 𝐼4̅ model. The combination 63/65Cu NMR 

experiments with GIPAW−DFT computations helped to resolve the question about Cu/Zn 

disorder. In a similar way, the site distributions in Cu2CdSnS4 and Cu2HgSnS4 were clarified, and 

shown to be consistent with the 𝐼4̅2𝑚 model. In the present work, Cu2ZnGeS4 was shown to have 

an analogous structure to Cu2ZnSnS4. The 63/65Cu CQ correlates well with the degree of polyhedral 

distortion experienced by the 2a and 2c sites in Cu2ZnSnS4 and Cu2ZnGeS4. It is noteworthy that 

informative spectra could be obtained, without interference from Cu metal within the coil of the 

spectrometer. 
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Chapter 5  

Conclusions 

 

5.1 Summary 

Chapter 2 described the Cd-substituted solid solutions Cu2Zn1−xCdxSnS4 synthesized by 

high-temperature reactions and their detailed structural analysis. X-ray diffraction indicates a 

structural transition from space group I4̅ to I4̅2𝑚 at x = 0.4. From 113Cd MAS NMR spectroscopy, 

phases with these two structures were found to coexist at this composition, which is a new insight. 

The Sn atoms occupy distinct sites whose chemical environments could be distinguished by 119Sn 

NMR spectroscopy through their isotropic chemical shifts upon Cd substitution. High-field (21.1 

T) 63Cu NMR spectroscopy revealed two sets of Cu sites in the I4̅ structure for the lightly Cd-

substituted compositions (up to Cu2Zn0.8Cd0.2SnS4) and one set of Cu sites in the I4̅2𝑚 structure 

for the more heavily substituted compositions. Finally, a combination of DFT calculations and 

high-field 63Cu and 67Zn NMR spectroscopy revealed details about Cu/Zn disorder and the Cd 

substitution pathway. 

Chapter 3 described the differences in long- and short-range structure for Cu2ZnSnS4, 

Cu2CdSnS4, and Cu2HgSnS4. Experimental spinning and non-spinning 63/65Cu solid-state NMR 

and DFT calculations confirm that Cu2CdSnS4 and Cu2HgSnS4 adopt the I4̅2𝑚 structure. The 

degree of distortion around Cu or Sn atoms correlates with NMR parameters (CQ or CSA). For 

example, the two sets of Cu sites for the I4̅ structure of Cu2ZnSnS4 can be assigned to separate 

peaks with different CQ values. 119Sn and 199Hg NMR spectroscopy reveal that local order/disorder 

phenomena occur upon heating, while XRD reveals that the long-range structure for these 
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materials does not vary significantly. The band gap decreases from 1.5 eV for Cu2ZnSnS4 to 0.9 

eV for Cu2HgSnS4 as electronegativity differences become smaller, in agreement with DFT 

calculations. 

Chapter 4 described the structural analysis of Cu2ZnSn1−xGexS4, which consists of nontoxic 

elements, through solid-state multinuclear (63/65Cu, 67Zn, 73Ge, and 119Sn) magnetic resonance 

spectroscopy and XRD measurements. The 73Ge, 119Sn, and 67Zn NMR spectra show chemical 

shifts and linewidths that are sensitive to changes in the local environment up to the second 

coordination sphere and possibly beyond. The Zn atoms reside in sites of lower symmetry in 

Cu2ZnGeS4 than in Cu2ZnSnS4, as evident by the quadrupole coupling values. High-field (21.1 T) 

63/65Cu NMR spectroscopy reveals two distinct Cu sites in Cu2ZnGeS4, similar to Cu2ZnSnS4. In 

conjunction with DFT results, this observation supports the I4̅ structure for Cu2ZnGeS4. The band 

gap increases from 1.49 eV for Cu2ZnSnS4 to 1.97 eV Cu2ZnGeS4, in agreement with DFT results. 

 

5.2 Outlook 

In Chapter 4, Cu2ZnSn0.2Ge0.8S4 displays three distinct 65Cu resonances that correspond to 

the local environment Cu@[Cu4Zn4Sn4-nGen]. To improve the resolution, quantum magic angle 

spinning 65Cu NMR experiments can be performed at 36 T (1.5 GHz, 1H).1,2 Ultra-high fields can 

reduce the second order broadening significantly, but fast MAS is required because the CSA will 

also increase. It will be interesting to see these resonances evolve within finer increments of the 

solid solution Cu2ZnSn1−xGexS4 (x = 0.7, 0.8, 0.9, 0.95). 

Suggested future directions include the synthesis of Cu2MTtS4 (M = Zn, Cd, Hg; Tt = Si, 

Sn, Ge) through varied approaches, such as ball milling, hydrothermal reactions, and vapour 

deposition methods.3–5 Samples prepared by these methods could differ in particle size, crystal 
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structure, and local structure, which will affect the properties in turn. There remains some 

discrepancy in the literature about Cu2ZnGeS4, which was reported to adopt a tetragonal structure 

(containing two Cu sites) for samples prepared by high-temperature reaction, but an orthorhombic 

structure (containing one Cu site) for nanoparticles prepared by solution methods.4 These two 

structural models, as well as degree of crystallinity or coexistence of polymorphs, could thus be 

distinguished by 65Cu NMR spectroscopy. 

Notwithstanding the heavy emphasis on photovoltaic materials, these chalcogenides do 

have other applications. An interesting related chalcogenide is Cu2ZnSiS4, which has been 

investigated as a nonlinear optical material because it adopts a noncentrosymmetric structure in 

space group Pnm21, based on single crystal XRD.5 Subsequently, a second polymorph in space 

group Pc was identified using high-resolution synchrotron powder XRD.6 The powder XRD 

patterns of the two polymorphs are similar, making them difficult to distinguish. It would be 

helpful to carry out 65Cu non-spinning MAS NMR spectroscopy to analyze these compounds and 

distinguish between them by noting the number of resonances. Different synthetic conditions may 

also need to be investigated to ascertain if a mixture of two polymorphs can coexist. 

 Beyond the quaternary sulfides, the corresponding selenides and tellurides also form: 

Cu2ZnSiSe4 in space group Pmn21 and Cu2ZnSiTe4 in space group 𝐼4̅2𝑚.7.8,9 They have not been 

as thoroughly investigated, but 65Cu, 77Se, and 125Te are accessible NMR nuclei.  The work in this 

thesis can easily be extended to many other chalcogenides. 
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Appendix 1: Supplementary data for Chapter 1 

Introduction: Chalcogenide photovoltaic materials and solid-state NMR 

spectroscopy 

 

Table A1.1. Effect of cation substitutions on PCE in Cu2ZnSnS4. 

  

Compound PCE (%) Comment 

Cu2Zn0.6Cd0.4SnS4   9.2 (Su et al.) 

11.5 (Yan et al.) 

Su et al. used sol-gel synthesis 

method, whereas Yan et al. used 

a chemical bath deposition 

method to synthesize. 

Cu2HgSnS4 11.6 to >17 Reported using simulations. 

Based on design and 

optimization, efficiency can vary. 

Cu2ZnSn0.5Ge0.5S4    6.3 1.5% increment in PCE from 

pristine Cu2ZnSnS4.  

Nanoparticles were synthesized 

by hot-injection. 

Cu2ZnSn0.7Ge0.3SxSe4−x    9.4 Devices were fabricated using 

nanocrystal ink synthesized by 

hot-injection method. 

Cu2ZnSn0.96Ge0.04S4  10.1 Incorporated Ge through 

evaporation of 10 nm thick Ge 

layer. 

Cu2Zn(Sn0.78Ge0.22)Se4  12.3 Thin film was synthesized  

by co-evaporation.  
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Appendix 2: Supplementary data for Chapter 2 

Mere anarchy is loosed: structural disorder in Cu2Zn1−xCdxSnS4 

 

Table A2.1. EDX analyses (mol. %) for Cu2Zn1−xCdxSnS4. a 

a Experimental composition shown in first line; expected composition shown in the second line. 

  

Nominal composition x Cu Zn Cd Sn S 

Cu2ZnSnS4 0 26 11 0 13 51 

  (25 12 0 13 50) 

Cu2Zn0.95Cd0.05SnS4 0.05 23 11 1 13 52 

  (25 12 1 13 50) 

Cu2Zn0.9Cd0.1SnS4 0.1 24 10 2 13 52 

  (25 11 1 13 50) 

Cu2Zn0.8Cd0.2SnS4 0.2 26 11 3 13 49 

  (25 10 2 13 50) 

Cu2Zn0.7Cd0.3SnS4 0.3 23 8 4 13 53 

  (25 9 4 13 50) 

Cu2Zn0.6Cd0.4SnS4 0.4 23 7 5 13 51 

  (25 7 5 13 50) 

Cu2Zn0.4Cd0.6SnS4 0.6 23 6 7 13 52 

  (25 5 7 13 50) 

Cu2Zn0.2Cd0.8SnS4 0.8 23 3 10 13 52 

  (25 3 10 13 50) 

Cu2CdSnS4 1.0 24 0 13 13 51 

  (25 0 12 13 50) 
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Table A2.2. Cell parameters for Cu2Zn1−xCdxSnS4. 
a 

Compound x Space group a (Å) c (Å) V (Å3)  (c/2a ratio) 

Cu2ZnSnS4 0 𝐼4̅ 5.4103(3) 10.8441(4) 317.42(3) 1.002 

Cu2Zn0.95Cd0.05SnS4 0.05 𝐼4̅ 5.4179(3) 10.8609(6) 318.81(3) 1.002 

Cu2Zn0.9Cd0.1SnS4 0.1 𝐼4̅ 5.4193(3) 10.8648(6) 319.09(3) 1.002 

Cu2Zn0.8Cd0.2SnS4 0.2 𝐼4̅ 5.4337(3) 10.8854(4) 321.40(3) 1.002 

Cu2Zn0.7Cd0.3SnS4 0.3 𝐼4̅ 5.4458(3) 10.9111(5) 323.59(3) 1.002 

Cu2Zn0.6Cd0.4SnS4 0.4 𝐼4̅2𝑚 5.4652(2) 10.8477(6) 324.00(3) 0.992 

Cu2Zn0.4Cd0.6SnS4 0.6 𝐼4̅2𝑚 5.5050(2) 10.8615(6) 329.16(3) 0.986 

Cu2Zn0.2Cd0.8SnS4 0.8 𝐼4̅2𝑚 5.5381(4) 10.8350(9) 332.32(4) 0.978 

Cu2CdSnS4 1.0 𝐼4̅2𝑚 5.5829(5) 10.8245(10) 337.39(5) 0.969 

a Refined from powder XRD patterns.  Standard uncertainties are shown in parentheses. 

 

Table A2.3. Isotropic 119Sn chemical shifts (ppm) for L(n) resonances with environments 

[Cu8Zn4−nCdn] in Cu2Zn1−xCdxSnS4. 

  

Compound L(0) L(1) L(2) L(3) L(4) average  

Cu2ZnSnS4 −120.9     −120.9 

Cu2Zn0.95Cd0.05SnS4 −121.7 −111.4    −121.6 

Cu2Zn0.9Cd0.1SnS4 −122.3 −111.9 −102.9   −122.1 

Cu2Zn0.8Cd0.2SnS4 −123.1 −112.7 −103.6 −91.9  −118.5 

Cu2Zn0.6Cd0.4SnS4      −117.2 

Cu2Zn0.4Cd0.6SnS4      −97.9 

Cu2Zn0.2Cd0.8SnS4  −112.2 −98.9 −91.5 −82.7 −88.4 

Cu2CdSnS4     −81.9 −81.9 

a Determined from deconvolution of 119Sn MAS NMR spectra (9.4 T), with uncertainties of 0.5 ppm. For 

Cu2Zn0.6Cd0.4SnS4 and Cu2Zn0.4Cd0.6SnS4, the individual peaks are unresolved. 
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Table A2.4. Linewidths (FWHM in Hz) for L(n) resonances with environments [Cu8Zn4−nCdn] in 
119Sn NMR spectra for Cu2Zn1−xCdxSnS4. 

a 

 

Compound L(0) L(1) L(2) L(3) L(4) Cumulative FWHM 

Cu2ZnSnS4 790     790 

Cu2Zn0.95Cd0.05SnS4 874 803    1677 

Cu2Zn0.9Cd0.1SnS4 1006 855 862   2723 

Cu2Zn0.8Cd0.2SnS4 1513 991 1184 503  4191 

Cu2Zn0.6Cd0.4SnS4      5100 

Cu2Zn0.4Cd0.6SnS4      3630 

Cu2Zn0.2Cd0.8SnS4  1116 1594 982 1237 4929 

Cu2CdSnS4     823 823 

a Uncertainties in FWHM are 50 Hz. For Cu2Zn0.6Cd0.4SnS4 and Cu2Zn0.4Cd0.6SnS4, the individual peaks 

are unresolved. 

 

Table A2.5. Relative areas for L(n) resonances with environments [Cu8Zn4−nCdn] in 119Sn NMR 

spectra for Cu2Zn1−xCdxSnS4. 
a 

 

Compound  L(0) L(1) L(2) L(3) L(4) 

Cu2Zn0.95Cd0.05SnS4 experimental 0.841 0.159 0 0 0 

 binomial 0.815 0.171 0.014 0.000 0.000 

Cu2Zn0.9Cd0.1SnS4 experimental 0.737 0.216 0.046 0 0 

 binomial 0.656 0.292 0.049 0.004 0.000 

Cu2Zn0.8Cd0.2SnS4 experimental 0.586 0.241 0.158 0.0140 0 

 binomial 0.410 0.410 0.154 0.026 0.002 

Cu2Zn0.2Cd0.8SnS4 experimental 0 0.023 0.275 0.211 0.490 

 binomial 0.002 0.026 0.154 0.410 0.410 

a The theoretical areas are based on a binomial distribution of Zn and Cd atoms disordered over four sites. 

Uncertainties are 0.04 for relative areas. 
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Table A2.6. Isotropic chemical shifts, linewidths (FWHM), and relative areas for resonances 

assigned to 𝐼4̅ and 𝐼4̅2𝑚 structures in 113Cd MAS NMR spectra for Cu2Zn1−xCdxSnS4. 
a 

 

Compound 𝐼4̅ 𝐼4̅2𝑚 

 
iso 

(ppm) 

FWHM 

(Hz) 

Area 

(%) 
iso 

(ppm) 

FWHM 

(Hz) 

Area 

(%) 

Cu2Zn0.8Cd0.2SnS4 723.7 1220 100.0    

Cu2Zn0.7Cd0.3SnS4 720.1 1907 69.6 679.7 2472 30.4 

Cu2Zn0.6Cd0.4SnS4 718.5 3330 19.5 673.9 1760 80.5 

Cu2Zn0.4Cd0.6SnS4    661.4 3250 100.0 

Cu2Zn0.2Cd0.8SnS4    651.9 2775 100.0 

Cu2CdSnS4    639.6 435 100.0 

a Uncertainties are 0.5 ppm for peak positions, 50 Hz for linewidths, and 3% for relative areas. 

 

Table A2.7. Isotropic chemical shifts (ppm) and centers of gravity (ppm) in 63Cu MAS NMR 

spectra for Cu2Zn1−xCdxSnS4. 
a 

 

Compound iso Center of gravity, δcgs 

Cu2ZnSnS4 787 (2a site), 807 (2c site) 748 (2a site), 792 (2c site) 

Cu2Zn0.8Cd0.2SnS4  726 (2a site), 785 (2c site) 

Cu2Zn0.6Cd0.4SnS4  771 (4d site) 

Cu2Zn0.4Cd0.6SnS4  766 (4d site) 

Cu2Zn0.2Cd0.8SnS4  759 (4d site) 

Cu2CdSnS4 762 (4d site) 752 (4d site) 

a Isotropic chemical shifts were determined for the end-members from non-spinning 63Cu NMR spectra, 

and centers of gravity were determined for all members from Gaussian fitting of 63Cu MAS NMR spectra.  

Uncertainties are 3 ppm for chemical shifts and 1 ppm for centers of gravity. 
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Table A2.8. Comparison of experimental and DFT-computed NMR parameters for Cu2ZnSnS4 

and Cu2CdSnS4. 

 

Parameter Cu2ZnSnS4 Cu2CdSnS4 

 Experimental Computed Experimental Computed 

119Sn parameters     

  (ppm) 32 55 115 112 

  −0.4 −1 +0.9 +1 

113Cd parameters     

  (ppm)   54 45 

    +0.8 +1 

63Cu parameters     

  (ppm) 271 (2a), 114 (2c) 366 (2a), 295 (2c) 310 292 

  +1 (2a), −1 (2c) +1 (2a), −1 (2c) −1 −1 

 CQ (MHz) 6.7 (2a), 1.7 (2c) 7.8 (2a), 5.1 (2c) 0.8 4.7 

 Q 0 (2a), 0 (2c) 0 (2a), 0 (2c) 0 0 
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Table A2.9. DFT-computed 63Cu and 113Cd NMR parameters for various site distributions of Cu, 

Zn, and Cd atoms in Cu2ZnSnS4 and Cu2CdSnS4. 

 

Model occupancy Cu, Cd and Zn (ppm) CQ for Cu and Zn (MHz) 

Space group 𝐼4̅ 2a 2c 2d 2a 2c 2d 2a 2c 2d 

(1) Cu2ZnSnS4 Cu Cu Zn 789 804 357 7.8 5.1 2.5 

(2) Cu2ZnSnS4 Cu Zn Cu 823 466 783 7.7 4.1 3.1 

(3) Cu2ZnSnS4 Zn Cu Cu — 874 864 — 10.1 7.9 

(4) Cu2CdSnS4 Cu Cu Cd 758 800 1131 9.1 6.2 — 

(5) Cu2CdSnS4 Cu Cd Cu 760 1132 797 9.1 — 4.2 

(6) Cu2CdSnS4 Cd Cu Cu 1079 843 852 — 7.5 9.7 

Space group 𝐼4̅2𝑚 2a 4d 2a 4d 2a 4d 

(7) Cu2CdSnS4 Cd Cu 1086 839 — 4.7 

 

Table A2.10. Site distributions in substitution models for Cu2Zn0.8Cd0.2SnS4 in space group 𝐼4̅. 

 

Model 2a 2c 2d 

(8) Cu2Zn0.8Cd0.2SnS4 0.8 Cu / 0.2 Cd 1.0 Cu 0.2 Cu / 0.8 Zn 

(9) Cu2Zn0.8Cd0.2SnS4 1.0 Cu 0.8 Cu / 0.2 Cd 0.2 Cu / 0.8 Zn 

(10) Cu2Zn0.8Cd0.2SnS4 1.0 Cu 1.0 Cu 0.8 Zn / 0.2 Cd 
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Figure A2.1.  Group-subgroup relationships in Cu2Zn1−xCdxSnS4.  Cell parameters were taken as 

refined from powder XRD patterns obtained in the present work.  Coordinates for the S atoms 

were taken from previous reports for Cu2ZnSnS4 (Choubrac, L.; Lafond, A.; Guillon-Deudon, C.; 

Moëlo, Y.; Jobic, S.; Inorg. Chem. 2012, 51, 3346−3348) and Cu2CdSnS4 (Rosmus, K.A.; Brant 

J.A.; Wisneski, S.D.; Clark, D.J.; Kim, Y.S.; Jang, J.I.; Brunetta, C.D.; Zhang, J.-H.; Srnec, M.N.; 

Aitken, J.A. Inorg. Chem. 2014, 53, 7809−7811); these coordinates were then assumed for solid 

solution members with the 𝐼4̅ and 𝐼4̅2𝑚 structures, respectively. 
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Figure A2.2.  119Sn MAS NMR spectra (B0 = 9.4 T) for lightly substituted Cd members of 

Cu2Zn1−xCdxSnS4 (x = 0.05−0.2). 
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Figure A2.3.  Relative areas for L(n) resonances with environments [Cu8Zn4−nCdn] around Sn 

atoms, obtained from 119Sn NMR spectra for Cu2Zn1−xCdxSnS4 (x = 0.05, 0.1, 0.2, 0.8) and 

compared with model assuming binomial distribution of Zn and Cd atoms over four sites. 

Uncertainties are 0.04 for relative areas. 
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Figure A2.4.  Non-spinning 119Sn NMR spectra for Cu2ZnSnS4 acquired at B0 = 9.4 and 21.1 T. 

 

 

 

Figure A2.5.  Experimental (black) and simulated (blue) non-spinning 113Cd NMR spectrum for 

Cu2CdSnS4 (B0 = 9.4 T, iso = −639 ppm,  = 545 ppm,  = 0.80.1). 
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Figure A2.6.  Triple quantum (3Q) MAS NMR spectra (B0 = 21.1 T; ωr/2π = 31.25 kHz) for 

Cu2Zn0.8Cd0.2SnS4 and Cu2Zn0.2Cd0.8SnS4. The asterisks (*) indicate spinning sidebands. 
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Figure A2.7.  Experimental and simulated non-spinning 63Cu NMR spectra (B0 = 21.1 T) for (a) 

Cu2ZnSnS4 (iso = 7872 ppm,  = 27110 ppm,  = 10.1, CQ = 6.70.2 MHz, Q = 00.1 for 

2a site; iso = 8072 ppm,  = 11410 ppm,  = −10.1, CQ = 1.70.2 MHz, Q = 00.1 for 2c 

site) and (b) Cu2CdSnS4 (iso = 7622 ppm,  = 31010 ppm,  = −10.1, CQ = 0.80.2 MHz, Q 

= 00.1 for 4d site). 
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Figure A2.8.  Comparison of experimental NMR spectra (B0 = 21.1 T) of (a) 63Cu and (b) 67Zn 

with spectra simulated using DFT computed parameters for Cu2ZnSnS4 (see Table A2.9). The 

asterisks (*) indicate spinning sidebands. Ordered simulation assumes Cu occupies 2a and 2c, and 

Zn occupies 2d; Disordered simulation assumes Cu occupies 2a, 2c, and 2d, and Zn occupies 2d 

and 2c. 
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Figure A2.9.  DFT-computed 113Cd NMR isotropic chemical shifts following in models of 

Cu2CdSnS4 with Cd atoms placed in different sites (see Table A2.9). 

 

 

Figure A2.10.  DFT-computed 63Cu NMR parameters of Cu chemical environments in models of 

Cu2ZnSnS4 with Cu atoms placed in different sites (see Table A2.9 and Table A2.10), compared 

with the experimental spectrum of Cu2Zn0.8Cd0.2SnS4. The asterisks (*) indicate spinning 

sidebands. 
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Figure A2.11.  (a) Optical absorption spectra for Cu2Zn1−xCdxSnS4. The optical band gaps were 

determined by extrapolation of the absorption edge, as illustrated for one sample. (b) Dependence 

of band gap on Cd content in Cu2Zn1−xCdxSnS4. 

  



181 

 

Appendix 3: Supplementary data for Chapter 3 

Mercurial possibilities: determining site distributions in Cu2HgSnS4 using 

63/65Cu, 119Sn, and 199Hg solid-state NMR spectroscopy 

 

Table A3.1. EDX analyses (mol%) for Cu2MSnS4 (M = Zn, Cd. Hg). 

 Cu2ZnSnS4 Cu2CdSnS4 Cu2HgSnS4 expected 

Cu 24 24 25 25 

M 12 13 11 12 

Sn 13 12 11 13 

S 51 51 53 50 
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Table A3.2. Tetragonal cell parameters for Cu2MSnS4 (M = Zn, Cd, Hg).a 

 a (Å) c (Å) c/2a ratio V (Å3) Reference 

Cu2ZnSnS4 5.436 10.85 0.998 320.6 Hahn1 1965 

 5.4356(1) 10.8352(2) 0.997 320.13(1) This work 

Cu2CdSnS4 5.582 10.86 0.973 338.4 Hahn1 1965 

 5.5920(1) 10.8399(2) 0.969 338.97(1) Rosmus2 2014 

 5.583 10.824 0.969 337.4 Olekseyuk3 2019 

 5.5829(5) 10.8245(10) 0.969 337.39(5) Bhattacharya4 2021 

 5.5930(1) 10.8441(2) 0.969 339.22(1) This work 

Cu2HgSnS4 5.566 10.88 0.977 337.1 Hahn1 1965 

 5.542(3) 10.908(7) 0.984 335.0(2) Kaplunnik5 1977 

 5.555 10.911 0.982 336.7 Gruzdev6 1988 

 5.577(1) 10.898(2) 0.977 339.0(1) Himmrich7 1991 

 5.5749(6) 10.882(1) 0.976 338.21(4) Kabalov8 1998 

 5.580(2) 10.895(3) 0.976 339.2(2) Vu9 2019 

 5.5819(1) 10.8925(2) 0.976 339.38(1) This work 

a Standard uncertainties, where reported, are shown in parentheses. The list for Cu2ZnSnS4 is not 

comprehensive, because there are hundreds of previous reports of this compound. 
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Figure A3.1.  The Le Bail fittings of powder XRD patterns for Cu2ZnSnS4, Cu2CdSnS4, and 

Cu2HgSnS4. 
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Figure A3.2.  Experimental 119Sn MAS NMR spectra for Cu2ZnSnS4, Cu2CdSnS4, and 

Cu2HgSnS4. The asterisks (*) mark spinning sidebands due to a small CSA. 

 

 

Figure A3.3.  Experimental (black, ppm scale) and spectral simulations (blue) for non-spinning 
65Cu NMR spectra at 7.05, 11.75 and 21.1 T for Cu2ZnSnS4, Cu2HgSnS4, and Cu2CdSnS4. The 

NMR spectral simulations were performed using the Dmfit software. 
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Figure A3.4.  Deconvolution of the non-spinning 65Cu NMR spectrum for Cu2ZnSnS4. 

 

 

Figure A3.5.  Optical diffuse reflectance spectra for Cu2ZnSnS4, Cu2CdSnS4, and Cu2HgSnS4, 

with fittings made on the assumption of direct band gaps. 
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Figure A3.6.  Electronic band structure, DOS, and −pCOHP curves for Cu2ZnSnS4, Cu2CdSnS4, 

and Cu2HgSnS4 compounds. 
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Appendix 4: Supplementary data for Chapter 4 

Influence of Ge substitution on the structure and optoelectronic properties of 

Cu2ZnSn1-xGexS4 photovoltaic materials  

 

Table A4.1. Experimental conditions for acquisition of NMR spectra. 

 

 

 

 

 

 

 

 119Sn 73Ge 67Zn 65Cu 

spinning 

conditions 

non-spinning non-spinning  non-spinning 

B0 (T) 7.05 21.1  7.05, 11.75, 21.1 

pulse sequence Hahn echo one-pulse  quadrupolar echo 

/2 pulse (s) 4 4 3 1 

B1/2 (kHz) 62.5 62.5 83.3 125 

 (s) 30 —  50 

recycle delay (s) 50−100 5 5 2 

co-added 

transients 
1024−2048 8192 15360 1024−8048 

 119Sn 73Ge  63Cu 

spinning 

conditions 
MAS (r/2 = 

14 kHz) 

MAS (r/2 = 5 

kHz) 

MAS (r/2 

= 5 kHz) 

MAS (r/2 = 62.5 

kHz) 

B0 (T) 7.05 21.1 21.1 21.1 

pulse sequence rotor-

synchronized 

Hahn echo 

one-pulse one-pulse rotor-synchronized 

quadrupolar echo 

/2 pulse (s) 4 4 3 1 

B1/2 (kHz) 62.5 62.5 83.3 125 

 (s) 71.4 — — 16 

recycle delay (s) 50−150 2−5 2−5 2 

co-added 

transients 
1024−5120 1024−16384 32768 3072−4096 
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Table A4.2. EDX analyses (mol%) for Cu2ZnSn1−xGexS4 (x = 0.0 to 1.0). 

 

Table A4.3. Cell parameters and tetragonal distortion coefficient values as a function of x for the 

Cu2ZnSn1−xGexS4 series. 

Compound x a (Å) c (Å) V (Å3) (c/2a) ratio Eg 

Cu2ZnSnS4 0 5.4356(3) 10.8354(1) 320.14 0.997 1.49 

Cu2ZnSn0.95Ge0.05S4 0.05 5.4294(1) 10.8239(1) 319.08 0.997   - 

Cu2ZnSn0.8Ge0.2S4 0.2 5.4167(1) 10.7758(1) 316.17 0.995 1.59 

Cu2ZnSn0.6Ge0.4S4 0.4 5.3987(2) 10.7128(5) 312.23(2) 0.992 1.71 

Cu2ZnSn0.4Ge0.6S4 0.6 5.3754(1) 10.6414(3) 307.48(1) 0.989 1.78 

Cu2ZnSn0.2Ge0.8S4 0.8 5.3641(1) 10.5855(1) 304.58 0.987 1.92 

Cu2ZnGeS4 1.0 5.3449(1) 10.5137(1) 300.35 0.983 1.97 

Nominal composition x Cu Zn Sn Ge S 

Cu2ZnSnS4 0 26 11 13 0 51 

  (25 12 13 0 50) 

Cu2ZnSn0.95Ge0.05S4 0.05 23 11 13 1 52 

  (25 12 12 1 50) 

Cu2ZnSn0.8Ge0.2S4 0.2 24 10 11 2 53 

  (25 12 10 3 50) 

Cu2ZnSn0.6Ge0.4S4 0.4 24 12 8 5 51 

  (25 12 8 5 50) 

Cu2ZnSn0.4Ge0.6S4 0.6 25 13 5 7 50 

  (25 12 5 8 50) 

Cu2ZnSn0.2Ge0.8S4 0.8 24 12 3 10 51 

  (25 12  3 10 50) 

Cu2ZnGeS4 1.0 25 12 0 12 51 

  (25 12 0 13 50) 
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Table A4.4. Isotropic chemical shift, centre of gravity shift, and linewidth (FWHM in Hz) for the 
119Sn and 73Ge MAS NMR in Cu2ZnSn1−xGexS4. 

  

Compound                119Sn                 73Ge 

iso 

(ppm) 

FWHM 

(Hz) 
cgs 

(ppm) 

FWHM 

(Hz) 

Cu2ZnSnS4 121.5 795 —   — 

Cu2ZnSn0.95Ge0.05S4 −119.8 919 21.2 280 

Cu2ZnSn0.8Ge0.2S4 −118.1 1252 21.6 195 

Cu2ZnSn0.6Ge0.4S4 −112.1 1080 23.4 488 

Cu2ZnSn0.4Ge0.6S4 −111.4 2254 23.1 236 

Cu2ZnSn0.2Ge0.8S4 −103.2 1199 26.3 151 

Cu2ZnGeS4 — — 28.5   95 
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Table A4.5. Comparison between computed (DFT- GIPAW) and experimentally determined 

NMR parameters. 

a  and  do not improve the fitting noticeably. 

 Cu2ZnSnS4 Cu2ZnGeS4  

Experimental DFT Experimental DFT 

(𝐼4̅) 

DFT 

(𝐼4̅2𝑚) 

119Sn 

parameters 

     

 (ppm, 5) 32 39 — -— — 

 (0.05) −0.4 −1 — -— — 

73Ge parameters      

 (ppm) — —a 14 26 39 

  — —a −1 −1 +1   

CQ (MHz, 0.1) — — 0.3 0.3   1.8 

 (0.1) — — 0.0 0 0 

67Zn parameters      

 (ppm, 5) 29 34 —a 15 17 

 (0.05) −0.5 −1 —a +1 −1 

CQ (MHz, 0.2) 0.9 1.8 2.8 5.1 7.4 

 (0.1) 0 0 0.2 0 0 

65Cu parameters      

 (ppm, 5) 272 (2a)  

117 (2c) 

284 (2a) 

136 (2c) 

150 (2a) 

  83 (2c) 

176 (2a)  

190 (2c) 

185 

 (0.05) +1 (2a) 

−1 (2c) 

 +1 (2a) 

 −1 (2c) 

 −1 (2a) 

 −1 (2c) 

+1 (2a) 

−1 (2c) 

−1 

CQ (MHz, 0.1) 6.5 (2a) 

1.5 (2c) 

7.1 (2a)  

3.6 (2c) 

15.2 (2a)  

  4.3 (2c) 

15.5 (2a)  

  4.2 (2c) 

8.2 

 (0.1) 0 (2a)  

0 (2c) 

0 (2a)  

0 (2c) 

  0 (2a) 

  0 (2c) 

  0 (2a)  

  0 (2c) 

0 
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Table A4.6. Atomic positions and bond angles for Cu2ZnSnS4 and Cu2ZnGeS4 were obtained from 

Rietveld refinement. 

Note: Occupancy for the Cu, Zn Sn, Ge, and S sites was fixed to 1. Angles A and B have multiplicity of 4 and 2, 

respectively. 

Atom Wyckoff 

position 

x  y  z Angle A(o) Angle B(o) 

Cu2ZnSnS4 

(𝐼4̅) 

      

Cu1 2a 0 0 0 109.9(2) 108.5(2) 

Cu2 2c 0 0.5 0.25 109.2(2) 110.1(2) 

Zn 2d 0 0.5 0.75   

Sn 2b 0 0 0.5   

S 8g 0.2469(4) 0.2524(4) 0.1274(3)   

       

Cu2ZnGeS4  

(𝐼4̅) 

      

Cu1 2a 0 0 0 108.1(11) 112.3(10) 

Cu2 2c 0 0.5 0.25 110.8(10) 108.8(7) 

Zn 2d 0 0.5 0.75   

Sn 2b 0 0 0.5   

S 8g 0.2601(14) 0.244(4) 0.1217(1)   

       

Cu2ZnGeS4 

(𝐼4̅2𝑚) 

      

Cu 2a 0 0.5 0.25 109.1(4) 110.3(3) 

Zn 4d 0 0 0   

Ge 2b 0 0 0.5   

S 8g 0.2616(9) 0.2616(2) 0.1247(7)   
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Table A4.7. Isotropic chemical shifts [L(0) and L(4)] and centre of gravity shifts [L(0)] of 67Zn 

MAS NMR for Cu2ZnSn1−xGexS4. 

  

Compound iso (ppm) cgs [ppm, L(0)] 

Cu2ZnSnS4 361 [L(0)] 359  

Cu2ZnSn0.95Ge0.05S4  361 

Cu2ZnSn0.8Ge0.2S4  368 

Cu2ZnSn0.6Ge0.4S4  382 

Cu2ZnSn0.4Ge0.6S4  378 

Cu2ZnSn0.2Ge0.8S4  367 

Cu2ZnGeS4 358 [L(0)] 343  



193 

 

 

Figure A4.1.  Comparison of slow MAS (ωr/2π = 3 kHz) data of Cu2ZnSnS4 and Cu2ZnGeS4 at 

11.75 T. 
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Figure A4.2.  Local structure around Ge, Zn, and Cu for Cu2ZnGeS4 in 𝐼4̅2m structure. 

 

 

Figure A4.3.  Experimental (black) non-spinning (a) and 73Ge MAS (ωr/2π = 5 kHz) NMR spectra 

for Cu2ZnGeS4 (iso = 28.5 ppm, CQ = 0.3 MHz,  = 0) at 21.1 T. The experimental NMR 

simulations (blue) were performed using the Dmfit software. 
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Figure A4.4.  Experimental (black) and DFT (blue) predicted 65Cu non-spinning NMR spectra for 

Cu2ZnGeS4. The parameters for the DFT predicted spectra are listed in Table A4.5. 
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Figure A4.5.  Experimental (black traces) and simulated (blue traces) non-spinning 65Cu NMR 

spectra (B0 = 7.05, 11.75 and 21.1 T) for (a) Cu2ZnSnS4 (iso = 785 ppm,  = 272 ppm,  = +1, 

CQ = 6.5 MHz,  = 0 for 2a site; iso = 805 ppm,  = 117 ppm,  = −1, CQ = 1.5 MHz,  = 0 for 

2c site) and (b) Cu2ZnGeS4 (iso = 705 ppm,  = 150 ppm,  = −1, CQ = 15.2 MHz,  = 0 for 2a 

site; iso = 812 ppm,  = 83 ppm,  = −1, CQ = 4.3 MHz,  = 0 for 2c site). The experimental 

NMR simulations (blue) were performed using the Dmfit software. 
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Figure A4.6.  (a) Determination of the optical band gap using Tauc plot from UV-vis spectroscopy 

and (b) variation of the band gaps with the mole fraction of Ge in Cu2ZnSn1−xGexSnS4. 
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Figure A4.7.  HSE06 band structure, density of states, and crystal orbital Hamiltonian population, 

and crystal orbital curves of (a) Cu2ZnSnS4, (b) Cu2ZnGeSnS4, and (c) Cu2ZnGeS4. Positive values 

correspond to bonding interactions while negative values signify antibonding interactions. 

 


