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fied by Cu12Sb4S13. Optical, electrical, and thermal properties have been tuned via chemical sub-

stitutions, allowing optimization of performance toward the realizations of high-efficiency de-

vices. Chapter 2 and 3 detail exploration of several tetrahedrite-derivatives for PV and TE appli-

cations, respectively. This work demonstrates that this exceptional multi-functionality is related 

to the unique structural building blocks of these materials. In the context of similar structural fea-

tures, Cu3-V-VI4 (V = P, As, Sb; VI = S, Se) has been discovered as new absorbers in Chapter 4. 

Chapter 5 attempts to find the missing Co2GeS4 compound through (Fe,Co)2GeS4 and 

(Co,Zn)2GeS4 solid solutions by a systematic investigation between theoretical prediction and 

experimental results. More generally, this fundamental research creates a practical framework for 

future design principles based search and discovery of effective materials. 
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In the context of renewable energy, photovoltaics (PV) and thermoelectrics (TE) are promis-

ing technologies for generating electricity from natural sunlight and waste heat, respectively. So 

far, however, no photovoltaic and thermoelectric devices have attained the necessary efficiency 

and performance levels to compete with conventional energy sources. For photovoltaic devices, 

band-gap optimization, as outlined by Schockley and Queisser (S-Q)
[1]

, have been the main de-

sign principle for identifying and selecting new absorber materials that offer potential for effi-

ciency improvements in PV. With this simple metric, PV industry and science communities have 

been largely focused on the usual suspects of Si, CdTe, Cu(In,Ga)Se2 (CIGS), and Cu2ZnSnS4 

(CZTS) as the path to a viable solar market. It is doubtful, however, that these materials can ena-

ble widespread implementation of solar energy at costs competitive with nonrenewable source, 

due to their poor optical absorption. Our group has, recently, enhanced the S-Q model by intro-

ducing a new metric, Spectroscopic Limited Maximum Efficiency (SLME), which incorporates 

the full absorption spectrum of the absorber. Applying this new metric, we have formulated new 

Cu-M-VI system (M = group III-V; IV = O, S, Se) as new potential high-performance solar ab-

sorbers.
[2]

 These materials contain structural building blocks with a M atom isolated or including 

a M atom with a ns
2
np

0
 electron configuration. These structural features lead to enhance optical 

absorption with a rapid onset near the band-gap. Interestingly, these structural features also en-

compass materials design approaches for realizing low thermal conductivities, which play a pri-

mary role maximizing thermoelectric efficiency.
[3]

 Here, this dissertation shows that synthetic 

forms of the mineral tetrahedrite, which contain the desired structural building blocks, exhibit 

both exceptionally high absorption and very low thermal conductivity. In addition, optical, elec-

trical, and thermal properties can be tuned via selective chemical substitutions, allowing optimi-

zation of properties toward improved performance.   
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1.1  Current status of renewable energy 

Our society currently relies heavily on fossil fuels, e.g., coal, oil, and natural gas, for its en-

ergy. Conventional electricity generation, based on the combustion of fossil fuels, is nonrenewa-

ble. The depletion of these natural sources and the effects on natural ecosystems are a particular 

concern. In contrast, renewable energy relies on natural processes that are constantly replenished, 

lowering environmental impacts. In this respect, producing sustainable and clean energy is a cen-

tral issue of our times. Since its inception, worldwide renewable energy capacity has continued 

to grow rapidly at rates of 10 – 60 % annually, for many technologies. In 2011, renewables pro-

vided 19 % of global electricity generation.
[4]

 It is projected that renewable energy’s share will 

rise to 28 % by 2020 and 57 % by 2050 with renewables dominating electricity power genera-

tion.
[4]

 

Among all renewable energy technologies, PV has been growing the fastest at a 60 % annual 

average rate.
[4]

 Especially, thin-film solar cells (TFSCs) for large-scale energy generation drive a 

growing share of global renewable energy production, with rapid increases in PV manufacturing 

capacity and reduction in balance-of-system costs. These costs are driven in large part by the 

need to maximize light-to-electricity conversion efficiency; however, current advances are still 

limited to 18 % for CdTe
[5]

 and 20.3 % for CIGS
[6]

 solar cells in laboratory scale devices. Thus, 

crystalline silicon (c-Si) still accounts for 85 % of the market.
[7]

 To expand the position of 

TFSCs, further dramatic cost-reduction is required, which can only be achieved through device 

conversion efficiency and the use of readily available materials. In this context, new earth-

abundant and non-toxic solar cell materials remains at the very heart of further technological 

progress towards TFSCs to be a larger contributor of the overall net electricity generation.  
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The scavenging of waste heat with thermoelectric (TE) generator is another way to improve 

the sustainability of electricity generation. Since typical engines operate at 30 – 40 % efficiency, 

a large amount of energy is lost to the environment via automotive and industrial exhaust. TE 

devices could potentially convert this waste heat to useful electricity with no moving parts. 

Among applications, the most promising TE application is to recover the vehicle waste heat for 

improving fuel economy. Honda and BMW, for example, have improved overall engine efficien-

cy by 10 % using TE modules.
[8]

 Like PV devices, the usefulness of TE materials is limited sole-

ly by their conversion efficiency, which is often stated as the dimensionless figure of merit ZT.
[9]

 

Unfortunately, the efficiency of commercialized TE materials is currently only about 1/6 of the 

maximum Carnot efficiency. There is, however, no theoretical upper limit to ZT and its im-

provement will boost applications of TE materials.
[8]

 In this context, a number of design strate-

gies have been employed to identify the next generation of TE materials. 

 

1.2  Solar cells: Operation principles and new materials developments 

1.2.1 Basic principles 

PV solar cells convert electromagnetic energy derived from the temperature difference be-

tween the surface of the sun (T = 6000 K) and the earth (T = 300 K) into usable electrical energy 

in the form of current and voltage. As a PV device is basically a semiconductor diode, the PV 

energy conversion takes place through the two basic steps of photogeneration of charged carriers 

and charge extraction.  

Photogeneration. The semiconductor material (absorber layer) absorbs the incoming photons, 

which causes a transition from a ground state to an excited state. In this step, both the band gap, 

EG, and the absorption coefficient of the semiconductor are defining how many charge carriers 
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are generated from solar photons. Ideally, the inter-band transition will not be possible unless hν 

≥ EG. Therefore, all photons with energy hν ≥ EG will contribute to photogenerated electron-hole 

pairs, which produce the short-circuit current density (JSC) of a solar cell. However, reducing EG 

minimizes the available energy per absorbed photon, the open-circuit voltage (VOC), since the 

generated electron-hole pairs will thermalize to the band edges - the valence band maximum 

(VBM) and the conduction band minimum (CBM). Thus, the VOC value is related to EG regard-

less of the initial photon energy, hν. Under this simple consideration, Shockley-Queisser (S-Q) 

limit describes an optimum EG (1.3 ~ 1.4 eV) for which a maximum energy conversion (η) takes 

place, corresponding to the spectral photon flux of sunlight,
[1]

  

   
    

   
  

        

∫      ( )  
 

  

               (   ) 

where, Pmax is the maximum output power, Pin is the incident power, FF, called as the fill factor, 

is a measure of the squareness of the J-V characteristic at the maximum power point, and       

is the incoming photon flux of the sun.  

Charge extraction. In this transport step, the generated charge carriers, electrons and holes 

through the absorber layer to opposite contacts and produce a net photocurrent. With nothing to 

impede their motion, electrons and holes in semiconductors are subject to two classical transport 

processes, drift and diffusion, depending on the diode structure of the solar cell and the physical 

properties of the absorber material. Drift is a charged particle’s response to the internal electric 

field created by the built-in asymmetry of a PV device. Diffusion is the result of thermal motion 

like the Brownian motion of gas molecules. Charged particles diffuse from regions of high con-

centration to regions of low concentration because of the driving force to even charge distribu-
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tion within a semiconductor layer. Thus, total hole and electron currents are the sum of their drift 

and diffusion components, cf. Equation 1.2. 

 ⃑   ⃑        ⃑                                     (1.2) 

where,     and    are the carrier mobilities,   are the electronic potential, and    and    are the 

diffusion coefficients for carriers.  

 

1.2.2 From the ideal to real PV devices 

Assessment of efficiency limits of a solar absorber material are based on simple thermody-

namic considerations, outlined by Shockley and Queisser, that rely on idealized assumptions. 

The first assumption is the probability of the light absorption generation an electron-hole pairs 

set to unity for hν ≥ EG and zero for hν < EG. That is, the absorption coefficient (α) is infinite at 

the band edge like a step function. However, the absorption of real semiconductor materials is 

continuously increasing from nearly zero below the band edge to over 10
5
 cm

-1
. The absorption 

coefficient can be described by two primary principles: the nature of band gap and Fermi’s gold-

en rule.
[10]

 The band gap of semiconductors is always one of two types: a direct or an indirect 

band gap. An optical transition in direct semiconductors occurs at the same wave vector of elec-

trons, while an absorption process in indirect semiconductors must involve a change in the elec-

tron wave vector. Due to the conservation of momentum, an indirect transition therefore is facili-

tated by an additional momentum - a phonon - leading to lower probability of photon absorption. 

This is one of the reasons why crystalline silicon with an indirect band gap requires a thick wafer 

(~ 100 μm)
[11]

 to absorb all useful incident photons. Direct band gap semiconductors are better 

absorbers, e.g., CIGS (~ 2 μm)
[12]

, CdTe (2 ~ 5 μm)
[13]

. 
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The absorption coefficient can be expressed by the transition probability (    ) of an electron 

from the ground (initial) state to the excited (final) state, which is called as Fermi’s golden rule,  

      
 

 
|⟨ |  | ⟩|                     (   ) 

where,    is Planck constant, ⟨ |  | ⟩ is the matrix element of the perturbation    (solar photons) 

between the final and initial states, and JDOS is the joint density of states.
[10]

 The matrix element 

describes the effect of external solar photons on the electrons in solids, which is practically de-

termined by the possibility of the electric-dipole allowed transition, e.g., s  p, d  p.
[14]

 The 

JDOS, describing the distribution of the available energy states within the bands, likely play a 

role in setting the magnitude of the absorption as well, since the density of atoms in a solid is 

huge. Thus, the absorption coefficient will approach to ideal step-like function when materials 

have a direct band gap and form a high JDOS with the character of the electric-dipole allowed 

transition near the band edge.  

Second, assumed energy loss in the S-Q model is possible only by the thermalization to the 

band edges and by radiative recombination of electron-hole pairs. Unfortunately, real-world de-

vices show considerably lower VOC than the radiative limit
[15]

, which implies presence of non-

radiative recombination, such as Shockley-Read-Hall recombination
[16,17]

. This non-radiative re-

combination is usually relevant to defect states in the forbidden gap, where defects are common-

ly originated from impurities, dangling bonds, and disorder.
[18]

 Thus, the recombination rate (R) 

is not directly the np-product, but according to Shockley-Read-Hall statistics,  

   
      

 

(   ) 
                  (   ) 

where,   is the lifetime of the charge carrier, which is inversely proportional to concentration of 

midgap defect states in a material.
[18]

 It is important to note that the reduction of the carrier life-
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time or the increase of defect states leads to decrease of both VOC and JSC since the carrier life-

time has effects on charge extraction as well. However, typical thin-film solar cells are far from 

defect-free and commonly have a trap density of 10
14

 cm
-3

 (  = 1 ns).  

Finally, the probability for the charge collection at short-circuit is unity. Figure 1.1 represents 

the simple schematic and the corresponding band diagrams of two common devices: p-n and p-i-

n junctions. Both devices show the band bending and the band offsets due to the difference in the 

conductivity type and the band gap of the layers. Most devices are based on a p-type absorber 

layer since the mobility of electrons, minority carriers in p-type materials, is typically higher than 

that of holes. In a p-n junction, the band bending dominantly induces an asymmetry that helps to 

extract oppositely charged carriers at their respective contacts. The bands are steep and flat, lead-

ing to diffusion-based solar cells. In a diffusion-based solar cell, carrier mobilities and lifetimes 

must be large for efficient photovoltaic conversion.
[6]

 For best performance of these devices radi-

ative recombination is required.
[18]

 Additionally, the band bending near the junction serves as a 

barrier for carriers, e.g. reflecting electrons to front contact and vice versa.  

In order to solve the problems above, p-i-n junction solar cells can be considered as another 

option, where a relatively thick absorber layer is sandwiched between the p- and n-type layers. In 

this case, the built-in asymmetry in devices is mainly formed due to band offsets at the hetero-

junction between two materials with different band gaps, not due to simply band bending. Thus, 

the p-i-n device configuration can induce drift of charge carriers by a built-in electric field and 

reduce the recombination at the interfaces. However, most current solar cell technologies adopt-

ing the p-i-n configuration rely primarily on diffusion rather than drift for photogenerated carrier 

extraction. Therefore, this assumption is rigorously valid in an ideal system requiring either suf-

ficiently high carrier mobilities and lifetime, or strong absorption. 
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1.2.3 Current PV materials and their challenges 

Today crystalline silicon (c-Si) cells are the most common in PV industry, benefiting from 

decades of well-developed technologies by the integrated circuit (IC) industry. The majority of 

silicon solar cells are fabricated from silicon wafers (~ 300 μm), which may be either single- or 

poly-crystalline. A single-crystal Si has a uniform molecular structure, leading to the long minor-

ity carrier lifetime (> 1 ms) and the highest energy conversion efficiency. There is a major limi-

tation, however, in that the high-purity wafer is so expensive to process. Compared to the single-

crystal Si, the poly-crystal Si has slightly lower wafer cost and less strict growth conditions. 

However, its lower manufacturing cost is offset by the lower energy conversion efficiency due to 

the grain boundaries. Reducing the cost of process is still being pursued through a number of av-

enues including improvement of the Si feedstock, production of kerfless wafers, and develop-

ment of ultrathin Si wafer (5 – 50 μm).
[19]

 Nevertheless the current efforts to diminish the manu-

facturing cost, the stagnant record efficiency of c-Si solar cells over the past decade due to low 

optical absorption has led many experts to believe that alternative thin-film PV cells will eventu-

ally dominate the marketplace one day and realize the goals of PV – a low price and reliable 

source of energy supply.
[20]

  

The first report of CdTe PV devices appeared in the 1960s
[21]

; however, it was a flurry of im-

provement as a form of thin-films in 1990s
[22]

. CdTe crystallizes in either cubic sphalerite
[23]

 or 

hexagonal wurtzite structure
[24]

, where both Cd
2+

 and Te
2-

 are tetrahedrally coordinated as Si at-

oms in diamond structure. Thus, it is not surprising that the similar (covalent) bonding characters 

induce comparable transporting properties. CdTe has more intrinsic advantages as a light absorb-

er than Si. It has a direct band-gap of 1.45 eV, which is well positioned to harness solar radiation. 



10 
 

Thus, 2 - 5 μm-thick CdTe thin-films are sufficient for making PV cells,
[13]

 lowering the total 

material and manufacturing costs. And, the high thermodynamic stability together with its con-

gruent sublimation enables CdTe to be deposited by various simple evaporation methods.
[25]

 

However, lots of intrinsic defects as both acceptors and donors limit practical doping (hole con-

centrations ~ 10
15

 cm
-3

) by the self-compensation effect
[26]

, as well as the VOC degradation of PV 

cells
[27]

. Thus, at present, the issue of extending carrier lifetime is partially addressed by chemi-

cal passivation, such as the introduction of O2 during CdTe growth, post-deposition CdCl2 treat-

ment, and controlled diffusion of Cu from back contact
[19]

. Final fundamental concerns are cad-

mium toxicity and tellurium availability.  

The copper chalcopyrite has also been researched as a PV absorber since Kazmerski and co-

workers introduced CuInSe2 or CIS.
[20]

 CIS has a direct band-gap of 1 eV. However, the band-

gap has been continuously tuned over a very broad range (1 – 2.5 eV) by substituting either Ga 

for In or S for Se. The abbreviation CIGS is now used to describe this material, as current mani-

festations often involve either four or all five elements. CIGS crystallize in the chalcopyrite 

structure, which is the isoelectric analog of a binary sphalerite CdTe. It is formed by stacking 

two sphalerite unit cells together and replacing the Cd
2+

 with Cu
+
, In

3+
, or Ga

3+
, and Te

2-
 with 

Se
2-

 or S
2-

 as shown in Figure 1.2. Because of the contribution of Cu d bands near VBM, CIGS 

has a higher optical absorption, resulting in a more efficient PV cell. It is, however, more com-

plex to process since binary or ternary phases can be concomitant during or after the growth of 

the copper chalcopyrite.
[28]

 This complexity leads that the comparable efficiency to c-Si has only 

been realized in the laboratory. Also, based on known mineral reserves and extraction costs, In-

dium does not have good long term potential for the sort of large scale deployment required to 

meet projected world electrical energy needs. 
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The final class of materials includes earth-abundant metal oxides and sulfides that have band-

gaps in the range of 1 – 2 eV. Notable examples include cuprous oxide
[29]

 and fool’s gold (py-

rite)
[30]

, but the most successful system to date has been CZTS pioneered by Katagiri
[31]

. CZTS 

shares great similarities with CIGS, including similar device structures and fabrication tech-

niques for the formation of the absorber layer. The similarities may have accelerated CZTS solar 

cells’ initial success, but these same similarities may become limitations in the long run.     

Despite the advantages on the manufacturing costs, no current thin-film PV devices have re-

alized the necessary efficiency to compete with conventional energy sources as well as c-Si. 

Therefore, there is clearly need for even more improvement on the energy conversion efficiency. 

 

1.2.4 Materials design principles for high efficient PV materials 

Our strategy for high efficiency PV devices is to design new materials with strong optical ab-

sorption so that they can be employed in a drift-based thin-film solar cell, where carrier mobility 

and lifetime requirement are significantly relaxed since the presence of an internal electric field 

aids carrier extraction. For an efficient drift-based thin-film solar cell, the absorber layer requires 

very strong absorption with an abrupt onset near the band gap, such that thickness can be re-

duced to less than 1 μm.  

As described previously, thermodynamic considerations are commonly used to assess the ef-

ficiency limits of a solar absorber material. Recently, a new and improved analysis methodology, 

the spectroscopic limited maximum efficiency (SLME), was proposed by Yu and Zunger.
[2]

 

Building on the original Shockley-Queisser approach in which photovoltaic absorber candidates 

are selected solely on the basis of their band gap, SLME incorporates absorption, emission, and 
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recombination considerations to account for a spread of different efficiencies for materials with 

the same band gap.  

Chemical insight along with SLME can be effectively used to identify material candidates for 

high-efficiency photovoltaic absorbers. Recently, our group has extended the SLME framework 

to identify new design principles for absorbers, such as Cu3SbS4 and CuSbS2, in the Cu-M-VI 

family (M = group 13-15; VI = S, Se).
[3]

 Two design rules were proposed: i) choosing a cation 

stoichiometry Cu/M > 1 leading to isolated M atoms, or ii) including a M element with a ns
2
 

electronic configuration can provide a high JDOS, resulting in a strong absorption coefficient. 

For example, Famantine (Cu3SbS4) has a tetragonal crystal structure (space group I-42m)
[32]

 and 

contains a cation stoichiometry of Cu/Sb > 1 with high-valence Sb
5+

 atoms isolated within the 

structure (Figure 1.2b). This results in narrow Sb-derived s bands, translating into a high DOS 

near CBM. In contrast, chalcostibite (CuSbS2, space group Pnma)
[33]

 has low-valence Sb
3+

 atoms, 

which exhibit stereochemical activity of lone pair electrons, leading to a distorted crystal 

structure (Figure 1.2b).
[34]

 The CuSbS2 structure is composed of edge-shared square pyramidal 

SbS5 units separated by CuS4 tetrahedra, which forms a layered structure within the space 

separating SbS5 units. In this distorted environment, low-valence Sb
3+

 atoms result in a narrow 

dispersion for Sb s-orbital and p-orbital derived bands, presenting a higher DOS near the VBM 

and the CBM, respectively.
[2]

 Consistent with the computed assessment, both materials have a 

stronger absorption, when compared to conventional thin-film absorber materials such as 

CuInSe2 and CdTe.
[35]

 In this contribution, the combination of these two design principles can 

lead to develop new inorganic materials exhibiting higher absorption coefficients than previous 

solar absorbers. 
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1.3  Thermoelectrics: Basic principles and new materials developments 

1.3.1 Basic principles 

The TE effect is the direct conversion of a thermal gradient to an electric potential and vice-

versa. A typical TE device for electricity generation is shown in Figure 1.3, where n-type and p-

type TE materials are interconnected on the cold and the hot sides. An applied temperature dif-

ference causes charged carriers (electrons and holes) in the materials to diffuse from the hot side 

to the cold side in parallel. The conversion efficiency of a TE material is often stated as the di-

mensionless figure of merit, ZT, where T is the absolute temperature and Z is related to material 

properties.
[9]

 Attempts to maximize ZT must meet two materials-design challenge of simultane-

ously achieving i) large power factor (PF = S
2
σ) to generate high electrical voltage and current, 

and ii) low thermal conductivity (κ) to keep the temperature gradient exploited for generating the 

electrical energy, cf. Equation (1.5).  

    
   

 
                (   ) 

where σ is electrical conductivity and S is thermopower.  However, the heat conduction and the 

electrical resistance are parasitic; in other words, the electrical conductivity is strongly related 

with the thermal conductivity. And, an inverse correlation between the electrical conductivity 

and the thermopower is common for many carrier-doped semiconductors. Thus, κ, σ, and S are 

commonly correlated properties. High electrical conductivity, for example, is often associated 

with low thermopower and/or high thermal conductivity, and such correlations depress ZT. As a 

result, the ZT of commercial TE materials has remained near 1 in the face of contradicting inter-

related properties. 
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1.3.2 Strategies for high efficient thermoelectric materials 

1.3.2.1  Increasing the power factor 

The power factor, PF= S
2
σ, is typically optimized as a function of carrier concentration, 

through doping, in order to increase the electrical conductivity, σ = nqμ, where n is the carrier 

concentration, q is the electric charge, and μ is the carrier mobility.
[9]

 However, high carrier con-

centration results in low thermopower due to the inverse relationship between thermopower and 

carrier concentration,  

   
     

 

    
  

  (
 

  
)
  ⁄

               (   ) 

where κB is the Boltzmann constant and md* is the density-of-state (DOS) effective mass of the 

carrier from parabolic band with energy-independent scattering approximation.
[36]

 The interrela-

tionship between carrier concentration, electrical conductivity, and thermopower in common TE 

materials must reach a compromise to maximize PF and then ZT.
[37]

 This balance generally oc-

curs at carrier concentration between 10
19

 and 10
20

 cm
-3

, which complies with that of heavily 

doped semiconductors. And, TE materials should have only a single type of carrier to ensure 

high thermopower since mixed n- and p-type carriers will cancel out the induced TE voltage by 

moving oppositely.  

The effective mass of the charge carrier provides another challenge. Large effective mass 

leads to high thermopower (refer Equation (1.6)), but it produces low carrier mobility and de-

creases electrical conductivity, μ = eτ/mi*, where τ is the mean scattering time between collisions 

for the carriers and mi* is inertial or band effective mass. Here, we need to distinguish two dif-

ferent terminologies for effective mass. A large DOS effective mass can be achieved by either 

flat bands or a large number of bands, but inertial effective mass solely depends on each band 
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unless there is significant inter-valley scattering.
[36,38]

 As a result, forming multiple bands with a 

low inertial effective mass near EF is expected to enhance both electrical conductivity and ther-

mopower (a large DOS effective mass), and produce a large power factor.
[38]

 

    From the above discussion, band-tuning is an important strategy to improve thermopower 

without depressing electrical conductivity. Here are other current approaches to boost the power 

factor through the band-tuning (see details in recent reviews ref. 38 &39): by electronic reso-

nance states, increasing the band gap for depressing bipolar effect, electron energy barrier filter-

ing, and highly mismatched isoelectric doping. 

 

1.3.2.2  Increasing Low thermal conductivity 

Additional materials-design conflicts come from the necessity for low thermal conductivity, 

even though we can overcome the aforementioned challenges between thermopower and electri-

cal conductivity. The thermal conductivity contains two components: electronic, κel, arising from 

electrons or holes transporting heat and lattice, κL, arising from phonons travelling through the 

lattice. Thus, the electrical conductivity makes another conflict with the thermal conductivity 

through the electronic contribution according to the Wiedeman-Franz (WF) law, κel = LσT, 

where L is the Lorenz number, 2.4 × 10
-8

 J
2
K

-2
C

-2
 for free electron. [36] On the other hand lattice 

thermal conductivity varies with material structure, which is largely independent of electronic 

transport properties. Indeed, the TE efficiency has greatly enhanced by minimizing κL from vari-

ous scattering sources to block phonon propagation.
[36–39]

 

The classical kinetic theory of a gas provides a good approximation for the lattice thermal 

conductivity,  

      ⁄                     (   ) 
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where,    is the specific heat per unit volume,   is the mean free path of phonon, and the    is the 

average velocity of sound.
[40]

 At high temperature (T ≥ 300 K), the lattice thermal conductivity 

depends primarily on   , which is determined by phonon-phonon scattering since the    ap-

proaches the classical value, 3R, according to the Dulong-Petit law.
[41]

 This indicates that the 

minimum lattice thermal conductivity, κL,min, can be achieved when all the phonons have a mean 

free path equal to the interatomic distance between constituent atoms.
[36,37]

 Glasses exhibit the 

lowest lattice thermal conductivity, κL ~ 0.25 Wm
-1

K
-1

, comparable to this minimum, κL,min, and 

this result leads to the concept for reducing the lattice thermal conductivity. That is, one effective 

way to decrease κ is to incorporate a glass-like unit in materials.  

 In the phonon-phonon scattering dominant region, the Keyes’s expression provides more 

practical guidelines to depress the lattice thermal conductivity, 

     
   ⁄

       
  ⁄

  
  ⁄

   ⁄

   ⁄
               (   ) 

where, Tm is the melting point, A is the mean atomic weight, γ is the Grüneisen parameter, ε is 

the fractional amplitude of interatomic thermal vibration, R is the ideal gas constant, N0 is Avo-

gadro’s constant, and ρ is the density.
[36]

 It can be seen that κL decrease with temperature at high 

temperature, a low melting point, large interatomic distance, and high atomic mass. 

 

1.3.3 Current TE materials and their challenges 

Numerous thermoelectric materials have been researched to realize high ZT. As described 

previously, it is possible to design new promising TE materials with two approaches: either the 

power factor is maximized and/or the thermal conductivity is minimized. The latter of two has 

guided a more effective way because the thermal conductivity is the only parameter not deter-
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mined by the electronic structure, offsetting interrelated physical properties. Especially, reducing 

of κL is key to achieve high performance thermoelectrics since κL is largely independent of elec-

tronic transport properties.  

Early works by alloying the binary tellurides of Bi2Te3, Sb2Te3, and GeTe, greatly reduced 

thermal conductivity, κL > 0.75 Wm
-1

K
-1

 and Bi2Te3 alloys produced the long-standing ZT ~ 1, 

through disorder within the unit cell.
[42]

 It is well known that such disorder leads to phonon scat-

tering and reduced thermal conductivity.
[43]

 Bi2Te3 crystallizes in the rhomobohedral structure 

(space group R-3m), forming 2-D plats stacked by week van der Waals interactions along the c-

axis. This structural feature enables Bi2Te3 alloys to enhance thermoelectric performance in the 

form of the artificially constructed superlattice, in which the extraordinarily small κL of 0.24 and 

high ZT of 2.4 were claimed.
[44]

 There is a major limitation, however, in that fabricating such 

tailed nanostructures is difficult and their phases are thermodynamically unstable at high temper-

ature.
[45]

 Therefore, this disorder state-of-the-art has actively researched in the single-phase ma-

terials to induce phonon scattering through interstitial sites, partial occupancies, or rattling atoms, 

as well as compounds with low dimensionality. 

Rare-earth chalcogenides, e.g., La3-xTe4, with the Th3P4 structure form the large number of 

random vacancies (x in La3-xTe4), resulting in phonon scattering and reduction of κL (0.4 Wm
-1

K
-

1
).

[46]
 This concept has extended in the crystals containing “rattler” atoms, e.g., clathrates and 

skutterudites.
[47–49]

 Clathrates such as Ba8Ga16Ge30, contain corner-sharing tetrahedral frame-

works, made up of Group 13 or 14, derived from the sphalerite. Cavities in the framework are 

occupied by large electropositive atoms of Group 1 or 2. Likewise, in skutterudites, corner-

sharing CoSb6 octahedra forms framworks as a distorted variant of the ReO3 structure, contain-

ing rattering atoms such as La or Ce. In both compounds, frameworks form electrically conduc-
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tive pathways, while rattlers within the frameworks are presumed to enhance phonon scattering 

and lower lattice thermal conductivity. Indeed, complex clathrate and skutterudite compositions 

have been reported to exhibit ZT > 1, along with low κL < 1 Wm
-1

K
-1

.
[49]

 Materials with asym-

metrically coordinated atoms can also induce atomic disorder within the unit cell to generate 

strong phonon scattering, translating to a reduction in κL. Such anharmonicity has, for example, 

been invoked to account for the large lattice thermal resistance in solids containing cations with 

ns
2
 electron configuration, e.g., Cu3SbSe3.

[50]
 

Low thermal conductivity can be achieved in crystal with the complex structure, e.g., 

CsBi4Te6
[51]

, Zn4Sb3
[52,53]

 and Zintle (Yb14MnSb11)
[36]

 compounds. CsBi4Te6 is a complex variant 

of Bi2Te3. This compound exhibits a somewhat lower lattice thermal conductivity than Bi2Te3 

that has been ascribed to the added complexity of the Cs layers and the few Bi-Bi bonds in 

CsBi4Te6 not found in Bi2Te3. As many of these materials have low lattice thermal conductivities, 

but to date the best ZT < 0.8 due to doping limit to appropriate carrier concentrations. Zn4Sb3 is 

another promising candidate, displaying exceptionally low thermal conductivity. In this com-

pound, about 20 % of the Zn atoms occupy interstitial sites, resulting in significant local lattice 

distortions and glass-like phonon scattering. For example, the ZT value of Cd-doped Zn4Sb3 

reached 1.3 at 670 K.
[53]

 Complex Zintle compounds have recently emerged as a promising in-

termetallic TE material for very high temperature applications (> 1000 K). This compound crys-

talize in complex cubic structure, containing a valence-balanced combination of both ionic (Yb-

Sb) and covalent (Mn-Sb, Sb-Sb) bonds. The combination of the bonding types leads to the 

complex structure having multiple sub-structural units within the unit cell, resulting in low lattice 

thermal conductivity κL ~ 0.4 Wm
-1

K
-1

. Due to the stability at high temperature, NASA has ac-

tively developed these compounds as the future TE generators.   
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The development of new materials and complex composites over last decade has greatly in-

creased ZT values. Today, the latest generation of bulk materials reached ZT ~ 1.7 at 700 ~ 800 

K, mainly guided by the reduction of the lattice thermal conductivity. However, the low thermal 

conductivity was usually achieved with heavy and sometimes toxic elements, which limits prac-

tical applications of TE materials. In this context, the environment friendly materials with the 

light-weight components will support of sustainable society.  

 

1.4  Summary 

Two approaches, photovoltaic and thermoelectric, to meet the needs for renewable energy are 

discussed in this dissertation. To achieve this ambitious goal, the discovery of new promising 

materials requires a combination of keen chemical intuition, theoretical guidance, synthetic 

chemistry expertise, materials processing, and good measurement skills. The work presented in 

here was performed by this powerful combination to both offer materials design principles and 

identify promising candidates. 

Chapter 2, 3, and 4 detail an exploration of new multi-functional tetrahedrites as photovoltaic 

and thermoelectric materials. The tetrahedrite, typified by Cu12Sb4S13, contains unique structural 

building blocks with Sb or Te atoms having ns
2
np

0
 electron configuration. This configuration 

leads to enhanced optical absorption with a rapid onset near the band gap. Interestingly, this 

structural feature also encompasses materials design approaches for realizing low thermal con-

ductivities, which play a primary role in maximizing thermoelectric efficiency. In addition, opti-

cal, electrical, and thermal properties can be tuned via selective chemical substitutions, allowing 

optimization of properties toward improved performance. Chapter 5 describes materials in the 

system Cu3-V-VI4 (V = P, As, Sb; VI = S, Se) as absorber candidates. This work demonstrates 
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that the band gaps of this family via mixed composition can be tuned between 0.6 and 2.4 eV 

with attendant hole mobilities up to 15 cm
2
V

-1
s

-1
. These properties coupled with relatively low 

synthesis temperatures (T < 450 
o
C) makes members of this family especially attractive as candi-

dates for new polycrystalline thin film solar cells in a tandem configuration. Chapter 6 attempts 

to find the missing Co2GeS4 compound through (Fe,Co)2GeS4 and (Co,Zn)2GeS4 solid solutions 

by a systematic investigation between theoretical prediction and experimental results. More gen-

erally, this fundamental research creates a practical framework for future design principle based 

search and discovery of effective materials. 
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Figure 1.1. Schematic cross-section of typical (a) Cu(In,Ga)S2 (p-n) and (b) CdTe (p-i-n) solar cells. 

(c) and (d) represent the corresponding band diagrams of (a) and (b), respectively. 
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Figure 1.2. Crystal structures of (a) CuInS2, (b) Cu3SbS4, and (c) CuSbS2. All directions are slightly 

off plane (100). 

 

                                                

Figure 1.3. A schematic of thermoelectric modul showing the direction of charge flow on both 

cooling and power generation. 
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2.1   Introduction 

With rapid increases in photovoltaic manufacturing and as balance-of-system costs decrease, 

harnessing solar energy for large-scale energy generation constitutes a growing share of global 

renewable energy production. These costs are driven in large part by the need to maximize light-

to-electricity efficiency. Technical advances have resulted in single-junction crystalline silicon (c-

Si) solar cells with a record efficiency of 28.3 %[1] and efficiencies as high as 43.5 % in GaAs 

multi-junction tandem cells[2]. Thin-film solar cells (TFSCs) offer reduced materials utilization 

along with the ability for possibility of flexible substrate integration. Laboratory scale efficiencies 

of 18 % for CdTe[1] and 20.3 % for Cu(In,Ga)Se2 (CIGS)[3] solar cells have been achieved. How-

ever, toxicity and/or relative abundance considerations with respect to constituent elements could 

limit the large-scale deployment of CdTe- and CIGS-based TFSCs. As a result, for TFSCs to be a 

larger contributor of the overall net electricity generation, new earth-abundant and environmen-

tally benign solar cell materials have to be developed. 

Our focus in this contribution is to design new materials with strong optical absorption so that 

they can be employed in a drift-based TFSC. Most current solar cell technologies, e.g., c-Si, GaAs, 

and CIGS, rely primarily on diffusion rather than drift for photogenerated carrier extraction. Car-

rier mobilities and lifetimes must be large for efficient photovoltaic conversion in a diffusion-

based solar cell.[4] In contrast, carrier mobility and lifetime requirements are significantly relaxed 

in a drift-based solar cell, such as amorphous silicon, since the presence of an internal electric field 

aids carrier extraction. For an efficient drift-based TFSC, the absorber layer requires very strong 

absorption with an abrupt onset near the band-gap, such that the thickness can be reduced to less 

than 1 μm. 
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Thermodynamic considerations, outlined by Shockley and Queisser,[5] are commonly used to 

assess the efficiency limits of a solar absorber material. Recently a new and improved analysis 

methodology, the spectroscopic limited maximum efficiency (SLME), was proposed by Yu and 

Zunger.[6] Building on the original Shockley-Queisser approach in which photovoltaic absorber 

candidates are selected solely on the basis of their band gap, SLME incorporates absorption, emis-

sion, and recombination considerations to account for a spread of different efficiencies for mate-

rials with the same band gap.[6]  

Chemical insight along with SLME can be effectively used to identify material candidates for 

high-efficiency photovoltaic absorbers. Recently, our group used the SLME framework to identify 

new design paradigms for absorbers such as Cu3SbS4 in the Cu-M-VI family (M = group III - V; 

VI= S, Se).[7] Two design rules were proposed: i) choosing a cation stoichiometry Cu/M > 1 lead-

ing to isolated M atoms, or ii) including a M element with a s2p0 low valence electronic configu-

ration can provide a high joint density of states (JDOS), resulting in a strong absorption coefficient. 

In this contribution, these two design principles are merged by combining the effect of isolation 

and low valence to develop new inorganic materials exhibiting higher absorption coefficients than 

previous solar absorbers. It is shown that the tetrahedrite family validates our M atom isolation 

and low valence design rules. Moreover, the electrical and optical properties of tetrahedrites may 

be tuned for photovoltaic applications by cation (Mn, Zn, In) and/or anion (Se) substitutions. 

 

2.2   Tetrahedrite as a Unique Material 

Among ternary and multinary copper chalcogenides, tetrahedrites have attracted limited inter-

est[8–11] despite being known for several decades[12]. Compounds of the tetrahedrite family crystal-
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lize in a cubic structure (space group I-43m)[13] shown in Figure 2.1a. The aforementtioned chem-

ical formula can be rationalized from a crystal structral point of view as Cu6Cu6[SbS3]4S, wherein 

half of the Cu atoms occupy four-coordinate, distorted tetrahedrial sites and half occupy three-

coordinate triangular sites. The CuS4 units are condensed via vertex sharing into a highly defective 

framework are occupied by the isolated structural unit of CuS3 and SbS3 groups shown in Figure 

2.1b. This description is important because it clearly illustrates two features relevant to absorber 

performance of tetrahedrite. First, the outer framework, formed by the (largely) covalent bonding 

between cation (Cu) and the anion (S), plays a vital role in establishing electronic transport prop-

erties. Second, structural localization due to the isolated cavity polyhedron is key to achieving 

strong absorption. Thus, tetrahedrites have attractive electro-optical properties, since the inner cav-

ity facilitates strong optical absorption, while the outer framework provides an efficient conduction 

pathway. 

 

2.2.1   Can Tetrahedrite Compounds Show High Absorption? 

We start by considering the relationship between the crystal structure shown in Figure 2.1, the 

electronic density of states (DOS) given in Figure 2.2a, and experimental absorption coefficients 

indicated in Figure 2.2b for the Cu-Sb-S system in order to assess whether tetrahedrite compounds 

meet our design-paradigm criteria. Famantine (Cu3SbS4) has a tetragonal crystal structure (space 

group I-42m)[14] and contains a cation stoichiometry of Cu/Sb > 1 with high-valence Sb5+ atoms 

isolated within the structure (refer to Figure 2.1d). This results in narrow Sb-derived s bands, trans-

lating into a high DOS near the conduction band minima (CBM). In contrast, both chalcostibite 

(CuSbS2, space group Pnma)[15] and tetrahedrite (Cu12Sb4S13) have low-valence Sb3+ atoms, which 

exhibit stereochemical activity due to the effect of lone pair electrons, leading to a distorted crystal 
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structure.[16] The CuSbS2 structure is composed of edge-shared square pyramidal SbS5 units sepa-

rated by CuS4 tetrahedra, which forms a layered structure within the space separating SbS5 units 

(Figure 2.1e). In this distorted environment, low-valence Sb3+ atoms result in a narrow dispersion 

for Sb s-orbital and p-orbital derived bands, presenting a higher DOS near the valence band max-

ima (VBM) and the CBM, respectively.[7] Since in both Cu3SbS4 and CuSbS2, these flat-band 

characteristics near the VBM and/or the CBM lead to a high JDOS, the same considerations apply 

to Cu12Sb4S13, where low-valence Sb3+ atoms form a large cavity polyhedron within the structure.  

Figure 2.2a shows the electronic density of states near the CBM for CuInSe2, Cu3SbS4, CuSbS2, 

and Cu12Sb4S13 as obtained from density-functional theory (DFT) calculations. While CuSbS2 and 

Cu12Sb4S13 both contain low-valence Sb atoms, and similar band character (Sb p-derived orbitals 

at CBM), Cu12Sb4S13 exhibits considerably narrower Sb s- and p-like bands, pushing the VBM 

down and/or the CBM up, thereby increasing the band gap compared to CuSbS2. These flat-band 

characteristics near both the VBM and CBM should contribute to a large JDOS, resulting in an 

increased absorption coefficient. In addition, electric dipole allowed Cu d  Sb p, S p and Sb s  

Sb p transitions will enhance the transition matrix element for Cu12Sb4S13. The calculated total 

density of states is shown in Figure S2.3. Consistent with the computed assessment, Cu12Sb4S13 

thin-films have an extremely strong absorption (refer Figure 2.2b) with an abrupt onset at the band 

gap, when compared to conventional thin-film absorber materials such as CuInSe2 and CdTe. In 

addition, the absorption strength for Cu12Sb4S13 is higher than Cu3SbS4 and CuSbS2 as shown in 

Figure 2.2b, indicating that strong absorption in Cu12Sb4S13 thin-films arises from the cavity pol-

yhedron in addition to low valence and isolated Sb atoms in the structure. 

 

2.2.2   Cu12Sb4S13: An Intrinsic Degenerate p-type Semiconductor 
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The absorption coefficient of Cu12Sb4S13 is shown in Figure 2.3. It is evident that Cu12Sb4S13 

thin-films exhibit significant sub-band gap absorption (α ~ 3×104 cm-1). To probe the origin of this 

sub-band gap absorption, we need to take into account the oxidation states of the Cu atoms. The 

triangular planar CuS3 sites are characterized only by d10 Cu1+, while the tetrahedral CuS4 sites are 

formally occupied by a mixture of Cu1+ and Cu2+.[17] Similar to the mixed valence case of Fe3O4,[18] 

charge transfer along the CuS4 framework due to this mixed valency is one possible explanation 

for the relatively low resistivity of 0.001 - 0.004 Ω cm measured in Cu12Sb4S13 thin-films and 

powders (listed in Table 2.1). This unique feature results in a carrier concentration greater than 

1020 cm-3, making Cu12Sb4S13 an intrinsic degenerate semiconductor, with thin-films exhibiting 

high sub-band gap absorption and low resistivity. A degenerate p-type semiconductor is not desir-

able as an absorber material. However, Cu12Sb4S13 may be useful as a as a p+ contact in a drift-

based heterojunction TFSC. 

 

2.3   Converting Cu12Sb4S13 to a non-degenerate semiconductor 

To reduce the carrier concentration in Cu12Sb4S13, we substitute Mn2+, Zn2+, or In3+ into the 

base tetrahedrite composition. The crystal structure of synthesized powders and thin-films are con-

firmed by analysis of high-resolution XRD patterns (Figure S2.1-S2.4). The substituted Mn, Zn, 

and In atoms are likely to occupy the tetrahedral CuS4 sites, since it has been demonstrated in 

previous work that Fe, Zn, and Hg atoms selectively replace these Cu atoms.[11,19,20] The Zn deriv-

ative Cu10Zn2Sb4S13, for example, exhibits a resistvity very much higher than that of Cu12Sb4S13. 

Zn substitution represents an isovalent replacement of Zn2+ for Cu2+, but Zn2+ has a d10 electron 

configuration rather than the d9 configuration of Cu2+. In principle, these additional electrons from 

Zn2+ lead to a filled valence band and the larger observed resistivity (5.5 – 10 Ω cm, Table 2.1) 
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generally associated with the intrinsic nature of a semiconductor. For example, the absorption co-

efficient for a Cu10Zn2Sb4S13 thin-film as shown in Figure 3a exhibits a strong reduction in sub-

band gap absorption. In addition, both bulk powders and thin-films of Cu10Zn2Sb4S13 have an in-

creased resistivity in comparison to Cu12Sb4S13 as shown in Table 2.1. We have also fabricated 

Cu11In3+Sb4S13 in both pellets and thin-films, and similar to their Zn substituted counterpart, the 

In- substituted samples exhibit similar trends of reduced sub-band gap absorption (Figure 2.3a) 

and increased resistivity (Table 2.1) compared to Cu12Sb4S13. Interestingly, the absorption coeffi-

cients of all three samples with and without substitutions display similar band gaps (EG ~ 1.8 eV) 

and absorption onset characteristics, implying that substitution of Zn, or In does not affect the DOS 

near the VBM or CBM. While the carrier concentration is reduced in substituted tetrahedrites, the 

band gap is still larger than optimal (1.1 - 1.5 eV)[21] for single-junction TFSCs. However, this 

higher band gap may be of interest for development of a tandem solar cell. 

 

2.4   Tuning the Band-gap of Cu10Zn2Sb4S13 

We now turn to an alternate approach to tune the band gap of a tetrahedrite. By substituting Se 

into X and Y anion sites, we synthesize a new tetrahedrite compound Cu10Zn2Sb4Se13 in both pow-

der and thin-film form, as confirmed via high-resolution XRD patterns (Figure S2.1-S2.4). The 

absorption coefficient of a Cu10Zn2Sb4Se13 thin-film is shown in Figure 2.3 and exhibits a similar 

strong onset property as the corresponding sulfide-based compound, Cu10Zn2Sb4S13. However the 

band gap is shifted to a lower energy of EG ~ 1.36 eV, within the desired range of a solar absorber. 

The nature of the band gap for Cu10Zn2Sb4Se13 has to be considered, i.e., whether it is direct or 

indirect. The density-functional theory (DFT) calculation shows that the energy difference be-

tween direct and indirect gap is small (Δ = 0.18 eV, Figure S2.10), which is consistent with a plot 
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of α vs. E1/2 (direct) and α vs. E2 (indirect) for a Cu10Zn2Sb4Se13 thin-film (Δ = 0.02 eV Figure 

S2.5). This small difference implies that the absorption coefficient begins to rise rapidly at an 

energy near the band gap, dominanted by the direct gap, even though the optical band gap is indi-

rect. Further DFT calculations are required to confirm the band gap type in tetrahedrite compounds. 

Note that the absorption coefficient for the Cu10Zn2Sb4Se13 thin-film shown in Figure 2.3 exhibits 

a high sub-band gap absorption (α ~ 2 × 104 cm-1) due to a non-optimized process deposition. 

Alternative deposition techniques are currently being pursued to reduce the level of sub-band gap 

absorption. 

 

2.5   Simulations of Tetrahedrites as an Absorber layer 

To demonstrate that tetrahedrite compounds can provide for a high-efficiency TFSC, device 

simulations were carried out via SCAPS[22] using measured properties of Cu10Zn2Sb4Se13 from 

Table 2.1 and Figure 2.3 as inputs to the model. The device configuration, shown in the inset of 

Figure 2.4a, is an n-p-p+ heterojunction TFSC, where the tetrahedrite layer forms the p-type ab-

sorber with a carrier concentration of NA = 2 x 1016 cm-3. An n-p-p+ heterojunction is a drift cell 

configuration,[23] since the n and the p+ layers provide a strong built-in electric field across the 

absorber layer, sweeping photogenerated carriers towards their respective contacts. A 100 nm p+ 

layer is included beneath the absorber to create an electron reflector via a small (0.2 eV) conduction 

band offset at the p-p+ interface, providing a barrier and preventing electrons from recombining at 

the back surface. The properties of the p+ layer are assumed to be identical to the absorber layer, 

with an increased carrier concentration to 2 x 1018 cm-3. The n-type layer is comprised of a 25 nm 

CdS layer below a 500 nm SnO2 layer, similar to a CdTe-based TFSC configuration. The strong 
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onset of absorption in Cu10Zn2Sb4Se13 along with the absorption coefficient reaching a maximum 

value of 3 x 105 cm-1 at EG + 0.6 eV suggests that the thickness of the absorber layer can be reduced 

to < 1 µm without significant loss in performance.  

To understand the minimum thickness required for a Cu10Zn2Sb4Se13-based TFSC, the simu-

lated variation in device efficiency as a function of absorber layer thickness is shown in Figure 

2.4a. Efficiencies greater than 20% can be achieved even when the absorber layer thickness is 

reduced to 300 nm, confirming that a material exhibiting a strong onset coupled with high absorp-

tion can provide for an ultra-thin high efficiency TFSC. For thicknesses greater than 500 nm, the 

efficiency reduces slightly before saturating, since the absorber thickness is greater than an ab-

sorption length. As a result, carriers have to diffuse to the edge of the space charge region before 

getting swept by the drift field, increasing recombination and resulting in a decreased device effi-

ciency. This thickness requirement for Cu10Zn2Sb4Se13 is considerably lower than that for c-Si (20 

~ 260 μm)[24,25]
, CIGS (2 μm)[26] or a CdTe (2 ~ 5 μm)[27,28] based solar cell, and is similar to an 

amorphous silicon-based TFSC, however, with improved electrical and optical properties.  

The minority carrier lifetime (τ) is inversely proportional to concentration of midgap defect 

states in a material[4,29] and can limit the photoconversion efficiency in a TFSC. Figure 2.4b shows 

the variation in device efficiency as a function of midgap defect density for a 300-nm thick 

Cu10Zn2Sb4Se13 absorber layer in a TFSC. Efficiencies greater than 20 % can be achieved with a 

trap density of 1014 cm-3 (τ = 1 ns), while a large trap density of 1016 cm-3
 (τ = 0.01 ns) still provides 

for a 13 % efficient TFSC. This indicates that the Cu10Zn2Sb4Se13 absorber layer need not require 

intensive process optimization in order to provide a high quality, defect-free material. In other 

words, the drift cell configuration employed means that the Cu10Zn2Sb4Se13 absorber layer is rel-

atively defect tolerant. The simulated current-voltage characteristics of a 300 nm Cu10Zn2Sb4Se13-
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based TFSC is shown in Figure S2.8. A plot of the simulated quantum efficiency, which ap-

proaches 90 % between 530–780 nm is shown in Figure S2.9, validating Cu10Zn2Sb4Se13 as a high-

performance TFSC absorber material. 

 

2.6   Experimental Section 

Powder synthesis: polycrystalline tetrahedrite samples were synthesized by a standard solid-

state reaction. The starting materials were commercial reagent grade Mn, Cu, Zn, In, Sb, S, and Se 

having purity > 99.95 % from Alfa Aesar. Stoichiometric quantities of reactants were mixed and 

heated at 450 oC for 3 weeks in evacuated sealed fused-silica tubes, and subsequently cooled to 

room temperature after switching off the furnace. Additional regrinding and reheating were carried 

to produce single-phase samples. The resulting polycrystalline powders were crushed and molded 

into pellets of diameter ~ 0.5 in. These were sintered at 450 oC for 24 hrs to maximize the density 

of pellets (~ 85 %), for analysis of physical properties.  

Thin-film deposition: thin-films of the sulfide-based tetrahedrites were fabricated using elec-

tron-beam (EB) evaporation of the constituent layers (transition metal sulfide/Cu/Sb2S3) at room 

temperature onto a fused silica substrate and were subsequently annealed in a CS2 environment in 

a tube furnace at 295 oC for 30 mins. Cu10Zn2Sb4Se13 thin films were similarly fabricated by using 

EB evaporation of the constituent layers having an additional Se layer (ZnSe/Cu/Se/Sb2Se3). The 

sample was subsequently annealed in an evacuated sealed fused-silica tube at 295 oC for 30 mins.  

X-ray characterization: the crystal phase of tetrahedrite samples in the annealed powders and 

deposited thin films as characterized with a Rigaku Ultima IV diffractometer with a 0.02 rad slit 

Cu Kα radiation (λ = 1.5418 Å). Data were collected between 10 and 100o at a step size of 0.02o 
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and a dwell time of 1 s at each step. X-ray diffraction patterns were compared with ICSD[30] and 

ICDD-PDF[31] files by using PDXL software suite[32].  

Optical and electrical characterization: optical transmission and reflection measurements 

were performed by using a spectrometer equipped with an Ocean Optics HR4000 UV-Vis detector 

and a balanced deuterium/tungsten halogen source (DH-2000-BAL). For diffuse reflectance meas-

urements, MgO power (99.95 %, Cerac) was used as a white reference. Room temperature resis-

tivity and Hall mobility were collected in the van der Pauw geometry with a LakeShore 7504 

measurement system. Majority carrier type was determined from Seebeck measurements on a cus-

tom-built system by applying a 3 K temperature gradient to the sample. 

Theoretical calculation: The first principles calculation of Cu12Sb4S13 presented here was car-

ried out by using Wien2K suite[33] with VASP code[34] and PAW potentials[35]. The electronic de-

gree of freedom are described within DFT by the generalized gradient approximation (GGA) with 

the value of the Hubbard U parameters (for Cu, U = 6 eV; for others, U = 0 eV), and the atomic 

positions are fully relaxed by HSE06 while lattice parameters were kept fixed to our experimental 

data. For the exchange-correlation functional, the PW91 parametrization[36] for accurate total en-

ergy calculations was used with a Γ-centered 3×3×3 k-point grid. 

Device simulation: The device configuration used in SCAPS is similar to a CdTe-based 

TFSC and is comprised of the following layers: back contact/ p+-Cu10Zn2Sb4Se13/ p- 

Cu10Zn2Sb4Se13/ n-Cds/ n-ZnO/ front contact. The p-Cu10Zn2Sb4Se13 absorber layer is assumed to 

have a carrier concentration of 2x1016 cm-3, while the p+ layer has a carrier concentration of 2x1018 

cm-3 and otherwise the same properties as the absorber layer. The work function values of the front 

and back contact are 4.1 and 5.0 eV, respectively. The electron/hole mobility value of the 

Cu10Zn2Sb4Se13 layers is assumed to be 50/14 cm2V-1s-1 and trap mediated (Shockley-Read-Hall) 
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recombination is assumed to be the dominant recombination mechanism. The current-voltage char-

acteristic is simulated between 0 and 1 V and the quantum efficiency is simulated between 300 

and 1200 nm. 

 

2.7   Conclusions 

In conclusion, we have successfully designed new artificial mineral tetrahedrites exhibiting 

strong and abrupt absorption based on the following design paradigm: isolated Sb in a s2p0 low 

valence electronic configuration can provide for narrower bands near the CBM and VBM. These 

narrow bands enhance the JDOS giving rise to a material with a strong absorption coefficient and 

a rapid onset of absorption. One tetrahedrite material in particular, Cu10Zn2Sb4Se13 has a band gap 

of EG = 1.36 eV, shows a maximum absorption coefficient value of 3 x 105 cm-1 at EG + 0.6 eV 

and is predicted to exhibit high photoconversion efficiencies (> 20 %) in a TFSC with a thickness 

of only 300 nm. This inherent strong absorption property coupled with tunable band gaps and 

fabrication temperatures less than 300 °C makes the tetrahedrite family of materials especially 

attractive for photovoltaic absorbers. Cu10Zn2Sb4Se13 is only one example of a large class of pos-

sible tetrahedrite compounds. Exploring related materials may provide further opportunities to de-

velop a new generation of single-junction and tandem TFSCs with ultra-thin absorber layers.  
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Figure 2.1 (a) Crystal structure of a) CuS4 (normal tetrahedral) corner-connected tetrahedral 

framework, (b) a cavity polyhedron composed of CuS3 (trigonal planar) and SbS3 (trigonal 

pyramid), and (c) the unit cell of the tetrahedrite, Cu12Sb4S13. Crystal structures of (d) Cu3SbS4

and (e) CuSbS2. All directions are slightly off plane (100). 
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Figure 2.2 (a) The estimated density of states (DOS) of CuInSe2, Cu3SbS4, CuSbS2, and Cu12Sb4S13

from density-functional theory (DFT) calculations, which are comparable with previous

publications. [7,17] (b) Optical absorption spectra for Cu3SbS4, CuSbS2, Cu12Sb4S13, CuInSe2, and 

CdTe. Minimum band gaps (EG) are aligned at E = 0 in order to show the absorption onset

properties near EG. 
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Figure 2.3 Experimental absorption coefficients for ~ 200 nm thick Cu12Sb4S13, Cu10Mn2Sb4S13, 

Cu10Zn2Sb4S13, Cu11InSb4S13, and Cu10Zn2Sb4Se13 thin-films. The optical band gaps extracted 

from our experiments are 1.83, 1.83, 1.82, 1.70, and 1.40 eV, respectively. 
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Figure 2.4 Variation of the efficiency of the TFSC as a function of (a) absorber layer thickness 

and (b) defect density for a Cu10Zn2Sb4Se13 based TFSC. Efficiencies greater than 20 % can be 

achieved with the absorber layer thickness reduced to 300 nm, while efficiencies of 13% can be 

obtained even when the defect density is as high as 1016 cm-3. The inset in (a) is the device 

configuration used in the simulations. 
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Table 2.1 Optical and electrical properties of select tetrahedrite compounds from experimental 

measurements. 

Composition Band Gap 
EG [eV] 

Resistivity 
ρ [Ω cm] 

Seebeck coefficient 
S [μV/K] 

Cu12Sb4S13 Powder - 0.004 75 

 Thin film 1.83 0.001 60 

Cu10Mn2Sb4S13 Powder 1.81 0.46 250 

 Thin film 1.83 9.5 180 

Cu10Zn2Sb4S13 Powder 1.80 5.5 312 

 Thin film 1.82 10.0 180 

Cu11In1Sb4S13 Powder 1.65 8.5 330 

 Thin film 1.70 4.0 120 

Cu10Zn2Sb4Se13 Powder 1.36 12.0 300 

 Thin film 1.36 10.0 280 
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Figure S2.1 X-ray spectra of synthetic tetrahedrite powder samples Cu12Sb4S13, Cu10Mn2Sb4S13, 

Cu10Zn2Sb4S13, and Cu11InSb4S13. X-ray diffraction patterns were compared with simulated X-ray 

patterns of PDF card no. 00-024-1318 for Cu12Sb4S13. 

Figure S2.2 X-ray spectra of tetrahedrite thin films Cu12Sb4S13, Cu10Mn2Sb4S13, Cu10Zn2Sb4S13, 

and Cu11InSb4S13. X-ray diffraction patterns were compared with simulated X-ray patterns of PDF 

card no. 00-024-1318 for Cu12Sb4S13. 
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Figure S2.4 X-ray spectra of synthetic tetrahedrite powder samples Cu10Zn2Sb4S13 and 

Cu10Zn2Sb4Se13. X-ray diffraction patterns were compared with simulated X-ray patterns of PDF 

card no. 00-024-1318 for Cu12Sb4S13. 

Figure S2.3 Calculated total density of states for Cu12Sb4S13. The position of the Fermi level is 

denoted by a red dashed line and cuts the valence band. 
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Figure S2.6 The plots of α1/2 vs. E (indirect) and α2 vs. E (direct) of a Cu10Zn2Sb4Se13 thin film. It 

is seen that the energy difference between direct and indirect gap is very small (< 0.02 eV). 

Figure S2.5 X-ray spectra of tetrahedrite thin films Cu10Zn2Sb4S13 and Cu10Zn2Sb4Se13. X-ray 

diffraction patterns were compared with simulated X-ray patterns of PDF card no. 00-024-1318 

for Cu12Sb4S13. 
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Figure S2.8 Current-voltage characteristics of a TFSC with a 300 nm thick Cu10Zn2Sb4Se13 

absorber layer and a minority carrier lifetime of 1 ns. The Voc is 0.92 V, Jsc is 27.2 mA/cm2

providing for a 20.8 % efficient TFSC. 

Figure S2.7 Measured diffuse reflectance of bulk Cu10Zn2Sb4Se13 and Cu10Zn2Sb4S13, indicating 

a band gap of 1.36 and 1.8 eV, respectively. 
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Figure S2.10 ln(σ) versus (1/T)n for Cu10Mn2Sb4S13 shows the straight-line fit by Equation (2) for 

n = 1/2 (R2 = 0.999), but fit with n = 1/4 (R2 = 0.982) deviated from the linearity after 38 K. 

Figure S2.9 Quantum efficiency (QE) characteristics of a TFSC with a 300 nm thick

Cu10Zn2Sb4Se13 absorber layer. The QE approaches 90% between 530 – 780 nm. 
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Figure S2.11 (a) Band structure and (b) DOS of Cu10Zn2Sb4Se13. A small difference, Δ = 0.18 eV, 

exists between the indirect gap and the dipole-allowed direct gap. This small difference implies 

that the absorption coefficient begins to rise rapidly at an energy near the band gap, dominanted

by the direct gap, even though the optical band gap is indirect. 
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3.1 Introduction 

The thermoelectric (TE) effect is the direct conversion of a thermal gradient to an electric po-

tential and vice-versa. Materials exhibiting this effect have many commercial, industrial, and 

military applications, as they can be used to build electric generators or heating and cooling sys-

tems with no moving parts. The usefulness of TE materials and devices is primarily limited by 

their efficiencies. The conversion efficiency is often stated as the dimensionless figure of merit, 

ZT, where T is the absolute temperature and Z is related to material properties.
[1–7]

 Attempts to 

maximize ZT must meet the materials-design challenge of simultaneously achieving low thermal 

conductivity (κ), high electrical conductivity (σ), and high thermopower (S), cf., Equation (3.1).  

ZT = (S
2
σT)/κ             (3.1) 

κ, σ, and S are commonly correlated properties. High electrical conductivity, for example, is of-

ten associated with low thermopower and/or high thermal conductivity. Such correlations de-

press ZT. As a result, the ZT of commercial TE materials has remained near 1. There is, however, 

no theoretical upper limit to ZT, which has encouraged the formulation of a number of design 

strategies for realizing enhanced performance.   

One intriguing approach to uncoupling κ, σ, and S correlations and depressing κ is to identify 

materials where thermal properties are modulated by the presence of electronically isolated struc-

tural features. In this way, materials can simultaneously exhibit the high electronic conductivity 

of a crystalline framework and the low thermal conductivity of a glass-like substance. This con-

cept has been examined in disordered alloys, materials containing nanoscale inhomogeneities, 

and crystals with complex structures containing “rattler” atoms, e.g., clathrates and 

skutterudites.
[8–10]

 Clathrate and skutterudite frameworks form electrically conductive pathways, 

while rattlers within the frameworks are presumed to enhance phonon scattering and lower lat-
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tice thermal conductivity. For example, complex skutterudite compositions have been reported to 

exhibit ZT > 1.
[10]

  

The tetrahedrite structure, typified by Cu12Sb4S13, captures these features.
[11]

 The compounds 

of this family crystallize in a cubic structure (space group I-43m)
[12]

 (Figure 3.1a). The chemical 

formula can be rationalized from a crystal-structure point of view as Cu6Cu6[SbS3]4S, wherein 

half of the Cu atoms occupy four-coordinate, distorted tetrahedral sites and half occupy three-

coordinate triangular sites. The CuS4 units are condensed via vertex sharing into a highly defec-

tive framework derived from sphalerite. Cavities in the framework are occupied by the large 

structural unit of CuS3 and SbS3 groups shown in Figure 3.1b. This description is important be-

cause it clearly illustrates two features relevant to thermoelectric performance of tetrahedrite. 

The sphalerite-like framework of CuS4 groups plays a major role in affecting electrical proper-

ties,
[13]

 i.e., the power factor (PF = S
2
σ), while the isolated structure of Figure 1b, containing the 

asymmetrically coordinated Cu and Sb atoms, is a key for realizing small κ. In recent 

studies,
[6,14–16]

 it has been demonstrated that tetrahedrite derivatives containing Fe, Ni, and Zn 

exhibit thermoelectric performance (maximum ZT = 0.95 at 700 K) comparable to conventional 

materials. To expand on these findings, we report results on additional members of the tetrahe-

drite family, demonstrating that ZT > 1 can be achieved at modest temperatures.  

 

3.2 Experimental Section 

Powder Synthesis. Polycrystalline samples were synthesized by standard solid-state reaction 

of appropriate combinations of the elements Mn, Fe, Co, Ni, Cu, Zn, Sb, and S (purity > 99.95 %; 

Alfa Aesar). Stoichiometric mixtures were ground and then heated at 450 ℃ for 3 weeks in 

evacuated, sealed fused-silica tubes. The samples were intermittently ground to produce single-
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phase samples. For analysis of physical properties, the resulting polycrystalline powders were 

molded into pellets of ~ 0.5-in diameter and then were sintered at 450 ℃ under 10 MPa pressure 

to produce sample densities ≥ 85 % of theoretical values. 

X-ray Characterization. X-ray data were collected on a Rigaku Ultima IV diffractometer 

with a 0.02 rad slit and Cu Kα radiation (λ = 1.5418 Å). Scans were made between 10 and 100 
o
 

2θ at a step size of 0.02
 o

 2θ and a dwell time of 1 s at each step. The resulting diffractions pat-

terns were compared to ICSD and ICDD-PDF files to verify formation of the desired compound 

(Figure S3.1). 

Thermal and Electrical Characterization. Electrical and thermal properties (S, σ, and κ) were 

measured from 325 to 575 K. The S and σ data were collected on an ULVAC-RIKO ZEM-3 un-

der a helium atmosphere (instrumental error = 5 %). Thermal diffusivity (α) was measured on a 

Netzsch LFA 457 Micro Flash under flowing N2 (instrumental error = 10 %, Figure S3.2). Upon 

cooling, the properties were measured again at 325 K to ensure the samples did not degrade or 

display hysteresis. Specific heat capacity (Cp) was measured for Cu12Sb4S13 and Cu10Mn2Sb4S13 

with a Netzsch DSC-200PC differential scanning calorimeter (Figure S3.3). Cp = 0.45 J g
-1

 K
-1

 

was found for each sample. This value was used for all samples to calculate κ from the relation-

ship κ = Cp × α × d, where d is the sample bulk density. 

Low Temperature Magnetism and Electrical Conductivity. Low-temperature magnetic and 

electrical measurements (Figure S4) were made by using a Quantum Design Physical Properties 

Measurement System (PPMS).  Magnetic susceptibility data were obtained by using a 0.5-Tesla 

field and warming the sample from 5 to 300 K. Variable-temperature (5 - 300 K) electrical-

conductivity data were collected by using the four-point probe method (Figure S3.5 – S3.9).   
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Optical Characterization. Diffuse reflectance measurements were made by using a spec-

trometer equipped with an Ocean Optics HR400 UV-Vis/IR detector and a balanced deuteri-

um/tungsten halogen source (DH-2000-BAL) (Figure S10 & S11). MgO powder (99.95 %, Ce-

rac) was used as a white reflectance standard. 

 

3.3 Results and discussion 

Electrical Properties. The variation of PF, σ, and S over the temperature range 300 – 600 K 

is illustrated for Cu12Sb4S13 and Cu10TM2Sb4S13 (TM = Mn, Fe, Co, Ni, Zn) in Figure 2.  Electri-

cal conductivities (σ) vary by approximately four orders of magnitude, while thermopowers (S) 

differ by a factor of six. As a result of its high σ relative to those of Cu10TM2Sb4S13, Cu12Sb4S13 

has the highest PF, i.e., > 2x of the TM derivatives. To consider the origin of the elevated con-

ductivity and PF in Cu12Sb4S13, we need to account for the oxidation states of the Cu atoms. The 

triangular planar CuS3 sites are characterized only by d
10

 Cu
1+

, while the tetrahedral CuS4 sites 

are formally occupied by a mixture of Cu
1+

 and Cu
2+

.
[13,17]

 This mixed valency produces a high 

hole concentration in the CuS4 framework, accounting for the relatively high p-type conductivity 

of Cu12Sb4S13. This model is consistent with the results of density-functional theory (DFT) calcu-

lations.
[13]

 Interestingly, we have confirmed that Cu12Sb4S13 undergoes a metal-semiconductor 

transition upon cooling to approximately 90 K (Figure S5).
[14]

 Low-temperature structural char-

acterization is needed to determine if this resistivity change is accompanied by a significant 

structural distortion. 

The Zn derivative Cu10Zn2Sb4S13 exhibits conductivity much lower than that of Cu12Sb4S13. 

Zn substitution represents an isovalent replacement of Zn
2+

 for Cu
2+

, but Zn
2+

 has a d
10

 electron 

configuration rather than the d
9
 configuration of Cu

2+
. In principle, the additional electrons from 
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Zn
2+

 should lead to a filled valence band, converting Cu12Sb4S13 to an instrinsic semiconductor 

with a smaller conductivity. We note, however, that the temperature dependence of the conduc-

tivity in Cu10Zn2Sb4S13 (Figure S3.7) can be linearly fit to Equation (2) 

      (  ⁄ )      (      )⁄            (3.2) 

with n = 1/2 over the entire temperature range (15 – 300 K). This result indicates that impurity 

ion scattering and Anderson localization
[18–21]

 likely play roles in setting the magnitude of σ. Ad-

ditionally, the fit with n= 1/2 is commonly associated with electron-electron interactions contrib-

uting to the temperature dependence of the conductivity.
[20,21]

 Fe substitution produces a similar 

level of σ. It has been reported that Fe at the stoichiometry Cu10Fe2Sb4S13 is formally 2+.
[22]

 Fe
2+

 

also replaces Cu
2+

 in an isolvalent manner, but it is contributing six d electrons through its d
6
 

configuration. Unlike Zn
2+

 substitution, there is no band filling. Hence, the low σ must be related 

to impurity-induced localization and the propensity of Fe
2+

 toward oxidation and hole trapping. 

The Mn, Co, and Ni derivatives exhibit intermediate conductivities. Values are likely reduced 

relative to Cu12Sb4S13 via impurity scattering, but they are less oxidizing and have a lower hole-

trapping potential relative to Fe.   

The thermopowers (S), shown in Figure 3.2c, are positive over the entire temperature range, 

indicating majority carriers are holes. S, ~ 74 μV K
-1

, of Cu12Sb4S13 is very small at 325 K. With 

Zn substitution, it increases by a factor > 3x to 253 μV K
-1

 at the same temperature. The increase 

in S is expected for conversion of a degenerate to intrinsic semiconductor through band filling. 

At 575 K, the order in S from lowest to highest comprises the derivatives Cu, (Fe, Ni), Mn, (Zn, 

Co), while the order in σ (Figure 3.2b) from lowest to highest is (Fe, Zn), Co, (Mn, Ni), and Cu. 

The two series are not cleanly inverted one relative to the other, rather the values vary with the 
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TM. This behavior is likely related to varying orbital composition near the band edges, band fill-

ing near EF, and the propensity for impurity scattering.
[23]

  

The electrical conductivity and the thermopower were used to calculate the power factor, 

which in all cases monotonically increases with temperature. Among the substituted tetrahedrites, 

the Mn derivative exhibits the highest PF, i.e., 2.28 μW cm
-1 

K
-2

 at 575 K. On substitution in the 

tetrahedrite structure, Mn adopts a high-spin, d
5
 configuration, as confirmed by a low-

temperature magnetic susceptibility measurement (μeff = 5.50 μB, Figure S3.4). From diffuse re-

flectance measurements, we find that this derivative exhibits a band gap near 1.8 eV, which is 

similar to that of the Zn analog (Figure S3.10).  Gaps of comparable magnitude were not ob-

served for any of materials containing Fe, Co, or Ni (Figure S3.11). Because wide band gaps lim-

it thermal excitation of minority carriers across the gap, thermoelectric efficiency can be en-

hanced in wide-gap vs. narrow-gap semiconductors at elevated temperatures.
[24]

 Hence, as ex-

pected, the Mn derivative exhibits an increase in S and PF as a function of temperature. These 

increases are aided by a relatively high electrical conductivity (Figure 3.2). In contrast, the small 

σ of Cu10Zn2Sb4S13 suppresses the temperature dependence of PF. 

Thermal conductivity. As shown in Figure 3.3a, the thermal conductivity of Cu12Sb4S13 is ~ 

1.1 W m
-1 

K
-1

, which is comparable to those of conventional thermoelectric materials, cf., > 0.8 

W m
-1 

K
-1

 for Bi2Te3 and PbTe.
[4]

 The conductivity drops sharply on substitution of Cu with tran-

sition metals, leading to values < 0.3 W m
-1 

K
-1

 over the entire temperature range 325 – 575 K 

(Figure 3). These small conductivities are especially unusual for materials with light-mass ele-

ments such as copper and sulfur. They agree well with those of X. Lu and co-workers (Table 

S1),
[13]

 and they are only slightly lower than those reported by K. Suekuni and co-workers (Table 

S1).
[14,15]

 Thermal conductivity values can vary significantly, depending on sample preparation 
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and measurement technique.
[24]

 For example, thermal-diffusivity values, derived from the laser-

flash method, vary with sample density, unlike those from a conventional steady-state measure-

ment.
[3]

 The samples produced for this study should yield a reliable qualitative comparison of the 

series, since sample densities vary by < 3 %.  

Thermal conductivity is determined by two factors: κel (electronic conductivity) arising from 

electrons or holes transporting heat and κL (lattice conductivity) arising from phonons carrying 

the energy. As seen from comparison of Figures 3a and 3b, κL is the main contributor to the total 

thermal conductivity.  The TM substitutions severely depress σ (Figure 3.2), making κel an in-

consequential contribution to κ. The origin of low κ in Cu12Sb4S13 is most likely associated with 

its complex crystal structure and asymmetric coordination of Cu in triangular planar coordination 

and Sb in distorted trigonal pyramids.  It is well known that atoms with asymmetric coordination 

lead to strong lattice anharmonicity
[25] 

and phonon scattering. Such asymmetry has, for example, 

been invoked to account for the large lattice thermal resistance in solids containing cations with 

ns
2
 electron configuration, e.g., Cu3SbSe3.

[25,26]
 Also, from DFT calculations, X. Lu and co-

workers have demonstrated that the cavity structural unit Cu6Sb4S13 (Figure 3.1b) induces highly 

anharmonic behavior from random freezing of unstable phonons, resulting in strong intrinsic 

phonon scattering.
[13]

 The measured heat capacity, 0.45 J g
-1

 K
-1

, of the tetrahedrites is much 

smaller than the value, 1.3 J g
-1

 K
-1

, that is calculated on the basis of the Dulong-Petit law,
[27]

 

which assumes solely harmonic oscillations. This difference may well be related to the vibration-

al anharmonicity in the tetrahedrites. In the TM-substituted materials, the thermal conductivity 

decreases by a factor of about three, covering a narrow range of 0.2 - 0.3 W m
-1 

K
-1

. This reduc-

tion in κL is likely associated with additional phonon scattering derived from the random distri-

bution of the TMs in the materials. 
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Figures of merit. The temperature dependence of ZT of each of the materials Cu12Sb4S13 and 

Cu10TM2Sb4S13 is summarized in Figure 3.3c. ZT is flat for the Zn and Fe derivatives, while it 

rises significantly for the Mn- and Co-substituted samples on heating. κ is also flat for all of the 

TM materials across the measured temperature range, hence ZT primarily tracks with the tem-

perature variation of PF (Figure 3.2a). The Mn derivative exhibits the highest ZT. This value de-

rives from an intermediate value of S (Figure 3.2c) in combination with a relatively high electri-

cal conductivity (Figure 3.2a).     

Because Mn substitution produced the highest, we have examined in greater detail the effects 

of adjusting the Mn concentration in the series Cu12-xMnxSb4S13; x = 0, 0.5, 1, 1.5, 2. A ZT = 

1.13 (Table S3.2) was achieved at a modest temperature (575 K) by tuning x to 1 (Figure 3.4a). 

The ZT value of Cu11MnSb4S13 at 575 K is approximately 2x higher than those previously re-

ported for other substituted tetrahedrites, e.g., Cu1.6Zn0.4Sb4S13 (ZT = 0.55)
[13]

 and 

Cu10.5Ni1.5Sb4S13 (ZT = 0.5)
[14]

. As ZT commonly rises with temperature, even higher ZT values 

could well be realized.
[14,15] 

 

In the Fe-substituted materials Cu12-xFexSb4S13, the maximum ZT (0.95 at 700 K) has been 

reported to occur at x = 0.5. The Fe and Mn materials exhibit two key differences: (i) at equiva-

lent levels of substitution, the Mn compounds exhibit the higher ZT, and (ii) for x = 1.5 – 2, ZT 

for the Fe materials drops more significantly than the Mn compositions. These observations can 

be attributed to the aforementioned change of the ratio Fe
3+

/Fe
2+

 with increasing Fe concentra-

tion, which contrasts with the persistent 2+ oxidation state of Mn at all levels of substitution.  

Optimization of ZT involves maximizing the ratio PF/κ.  As shown in Figures 3.4b and 3.4c, 

κ for the Mn compounds at 575 K falls dramatically from x = 0 to x = 0.5, while at the same time, 

PF increases due to the increase of S. For x > 0.5, σ drops and S escalates, while κ remains nearly 
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constant. (See Figures S3.12 and S3.13 for temperature dependence of PF and κ.) The resulting 

dependence of ZT on Mn concentration somewhat mirrors the classical variation of ZT with car-

rier concentration (n), where n is proportional to σ and S
2/3

.
[5,28]

 A more comprehensive treatment, 

however, is required here, as contributions from impurity scattering and band-edge orbital com-

positions affect the observed behavior.
[24]

 

 

3.4 Conclusion 

The synthetic tetrahedrite Cu12Sb4S13 exhibits a modest thermal conductivity that can be uni-

formly depressed by a factor of three or more by substituting the transition metals Mn, Fe, Co, Ni, 

or Zn for Cu. In contrast, electrical transport properties are found to be highly sensitive to the 

identity of the transition metal.  In the case of Mn, PF can be tuned to realize an enhanced ZT = 

1.13 at 575 K, reaching levels competitive with those of conventional thermoelectric materials 

such as Bi2Te3 and PbTe. While the current ZT is now the highest among reported tetrahedrites, 

still higher values should be realized at temperatures above 575 K. Cu11MnSb4S13 is only one 

example within a large class of possible tetrahedrite compositions. Examination of these materi-

als in greater detail should afford additional insights about the contributions of electronic and 

thermal properties to their TE performance, while also potentially enabling opportunities for de-

velopment of high-efficiency thermoelectric devices.  
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(b) (a) 

Figure 3.1 (a) Crystal structure of the tetrahedrite, Cu12Sb4S13 and (b) a cavity polyhedron com-

posed of CuS3 and SbS3 groups. 
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Figure 3.2 Temperature dependences of (a) power factor (PF), (b) electrical conductivity (σ), and 

(c) thermopower (S) for Cu10TM2Sb4S13 (TM = Mn, Fe, Co, Ni, Cu, Zn). 
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Figure 3.3 Variation with temperature of (a) total thermal conductivity (κ), (b) lattice thermal 

conductivity (κL), and (c) thermoelectric figure of merit ZT for Cu10TM2Sb4S13 (TM = Mn, Fe, 

Co, Ni, Cu, Zn). 
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Figure 3.4 (a) Thermoelectric figure of merit ZT (filled square), (b) thermal conductivity (κ, 

filled circle), power factor (PF, open circle), (c) electrical conductivity electrical conductivity (σ, 

filled triangle), and thermopower (S, open triangle) as a function of Mn concentration in Cu12-

xMnxSb4S13 (0 ≤ x ≤ 2) at 575 K. 
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Figure S3.1 X-ray spectra of synthetic tetrahedrite powder samples (a) Cu12Sb4S13 and 

Cu10TM2Sb4S13 (TM = Mn, Fe, Co, Ni, Zn), and (b) Cu12-xMnxSb4S13 (0 ≤ x ≤ 2). X-ray diffrac-

tion pattern were compared with simulated X-ray patterns of PDF card no. 00-024-1318. 
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Figure S3.3 Specific heat capacity (Cp) of synthetic tetrahedrite powder samples Cu12Sb4S13 

(filled) and Cu10Mn2Sb4S13 (open). Both samples showed difference of no more than 1 %, and 

the average value, 0.45 Jg
-2

K
-1

, was applied for calculation of κ in other tetrahedrite compounds. 

Figure S3.2 Thermal diffusivity of synthetic tetrahedrite powder samples Cu12Sb4S13 and 

Cu10TM2Sb4S13 (TM = Mn, Fe, Co, Ni, Zn). 
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Figure S3.4 Zero field cooled molar (ZFC) molar magnetic susceptibility of synthetic tetrahe-

drite powder sample Cu10Mn2Sb4S13. The paramagnetic effective magnetic moment and fitting 

parameters for the Curie-Weiss equation (χmolar = C/(T-Θ)) are shown inset. 

Figure S3.1 Low temperature resistivity of synthetic tetrahedrite powder samples Cu12Sb4S13 

(open) and Cu10Mn2Sb4S13 (filled). At 90 K Cu12Sb4S13 undergoes a sudden change in resistivity 

while Cu10Mn2Sb4S13 behaves as a conventional non-degenerate semiconductor. 
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Figure S3.6 ln(σ) versus (1/T)
n
 for Cu12Sb4S13 does not show the straight-line fit by Equation 

(3.2) for both n = 1/2 and 1/4. 

Figure S3.7 ln(σ) versus (1/T)n for Cu10Zn2Sb4S13 shows the straight-line fit by Equation (3.2) 

for n = 1/2 (R
2
 = 0.999), but fit with n = 1/4 (R

2
 = 0.982) deviated from the linearity after 42 K. 



73 
 

 

                               

Figure S3.2 ln(σ) versus 1/T for Cu10Mn2Sb4S13 and Cu10Mn2Sb4S13 does not fit by normal be-

havior of carrier doped semiconductors. They show deviation from straight-line beyond 23 K (R
2
 

= 0.970) for Cu10Mn2Sb4S13 and 35 K (R
2
 = 0.970) for Cu10Zn2Sb4S13. 

Figure S3.8 ln(σ) versus (1/T)
n
 for Cu10Mn2Sb4S13 shows the straight-line fit by Equation (3.2) 

for n = 1/2 (R
2
 = 0.999), but fit with n = 1/4 (R

2
 = 0.982) deviated from the linearity after 38 K. 
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Figure S3.10 Diffuse reflectance of synthetic tetrahedrite powder samples Cu10Mn2Sb4S13 (open) 

and Cu10Zn2Sb4S13 (filled). Both samples exhibit a wide EG ~ 1.8 eV, unlike other tetrahedrites, 

which shows a low semi-metallic behavior of the EG below 0.5 eV. 

Figure S3.3 Diffuse reflectance of synthetic tetrahedrite powder samples Cu12Sb4S13, 

Cu10Fe2Sb4S13, Cu10Mn2Sb4S13 and Cu10Zn2Sb4S13. All samples exhibit strong absorption in the 

range of IR and UV-Vis. 
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Figure S3.12 Temperature dependence of power factor (PF) for Cu12-xMnxSb4S13 (0 ≤ x ≤ 2). 

Figure S3.4 Temperature dependence of thermal conductivity (κ) for Cu12-xMnxSb4S13 (0 ≤ x ≤ 

2). 
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Figure S3.14 Temperature dependence of electrical conductivity (σ) for Cu12-xMnxSb4S13 (0 ≤ x 

≤ 2). 

Figure S3.5 Temperature dependence of thermopower (S) for Cu12-xMnxSb4S13 (0 ≤ x ≤ 2). 
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Figure S3.6 Temperature dependence of thermal diffusivity for Cu12-xMnxSb4S13 (0 ≤ x ≤ 2). 

Figure S3.16 Temperature dependence of thermal conductivity (κ) for Cu12-xMnxSb4S13 (0 ≤ x ≤ 

2). 
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4.1 Introduction 

The solar photovoltaic (PV) research community is actively searching for new materials to 

allow development of high efficiency conversion devices from low cost materials and processes. 

Current key players are crystalline Si and thin film CdTe and CIGS absorbers. These technolo-

gies present roadblocks for bringing PV technology to grid parity. In particular, the necessities 

for high manufacturing temperatures of Si and use of rare elements in CdTe and CIGS are of 

concern to name a few. Materials and processing costs can be greatly reduced realizing high ab-

sorption materials that are earth-abundant and/or found in concentrated deposits in nature, as 

well as compatible with low temperature and high-throughput manufacturing. Further gains can 

be achieved in materials system suitable for tandem solar cells, with maximum efficiencies ex-

ceeding the Shockley-Queissar limit
[1]

 for a single-junction. 

Recently, rapid onset to high absorption near the fundamental band gap was identified in 

Cu3-V-VI4 (V = P, As, Sb; VI = S, Se) materials
[2]

, hereof referred to as Cu56. Figure 4.1 exhib-

its the two main crystal structures adopted by the Cu56 materials family. Both structures exhibit 

similar packing of Cu- and group V tetrahedra, derived from the wurtzite and spharelite struc-

tures. The packing order has been related to the volume of the group V tetrahedral.
[3]

 The Cu56 

materials exhibit a unique combination of isolated molecular units within a 3D matrix of an inor-

ganic solid. As an example, the structure of Cu3SbS4 can be decomposed into a defect 3D chal-

copyrite-like framework of copper sulfide and isolated molecular SbS4 units. Because isolated 

SbS4 units do not give rise to significant band dispersion, a high JDOS and strong absorption 

with rapid onset are observed, leading to the suggestion of an absorber design principle.
[2]

 Supe-

rior hole carrier transport is also reported in polycrystalline thin film
[2]

 and bulk pressed pellets 

form
[4]

 due to the profusion of Cu-polyhedra interconnection. Moreover, photovoltaic conversion 
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was demonstrated for Cu3PSe4 single crystals.
[4]

 Thus, Cu56 presents a rich materials system for 

application in single- and multi-junction thin film solar cells as absorber layers, composed of 

earth-abundant and low-cost elements.  

In this contribution we report the structural, transport and optical properties of the full Cu56 

materials system. We expand on these properties for three new sub-groups of solid solutions, 

namely Cu3P1-xAsxS4, Cu3P1-xAsxSe4 (0 < x < 1) and Cu3AsS4-ySey (0 < y < 4), as well as partially 

examined members Cu3PS4-ySey
[4]

 and Cu3As1-xSbxS4
[3,5]

.  

 

4.2 Experimental Section 

Bulk synthesis was carried out using elemental powders of Cu, P, As, Sb, S and Se supplied 

by Alfa Aesar of 99.95% purity or higher. The stoichiometric mixtures of appropriate composi-

tions were annealed in evacuated fused silica sealed tubes in the 400 – 500 ℃ temperature range. 

Slight access of volatile elements such as P, As, S, Se was added to prevent formation of V-

element poor secondary phases.  

X-ray diffraction (XRD) patterns on powder samples are collected using a Rigaku Ultima IV 

diffractometer with a 0.02 rad slit and Cu Kα radiation. Scans were made between 10 and 80˚ at 

a step size of 0.02˚ 2θ and a dwell time of 1 s at each step. The resulting diffractions patterns 

were compared with ICSD
[6]

 and ICDD-PDF
[7]

 files to extract the unit cell constants using PDXL 

software suite
[8]

. For analysis of physical properties, the resulting polycrystalline powders were 

molded into pellets of ~ 0.25-in diameter and then were sintered at 400 ℃ under 68 MPa pres-

sure to produce sample densities ≥ 85 % of theoretical values. Optical band gaps are estimated 

from diffuse reflectance measurements on loose powder samples using a W-lamp source and 

Ocean Optics HR4000 UV-VIS and Near-Infrared spectrometers. Electrical resistivity and ma-
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jority carrier transport properties are measured on pressed and annealed pellets in the van der 

Pauw geometry on a LakeShore 7504 Hall measurement system, applying indium contacts.   

 

4.3 Result and Discussion 

Structure. Figure 4.1 summarizes the reported structures of Cu3PS4,
[9]

 Cu3PSe4,
[10]

 Cu3AsS4,
[9]

 as 

well as some of their solid solutions,
[4]

 adopting the orthorhombic enargite-type structure (space 

group Pmn21). Cu3SbS4,
[11]

 Cu3SbSe4,
[11]

 and Cu3AsSe4
[12]

 adopt the tetragonal famatinite-type 

structure (space group I42m). In case of Cu3As1-xSbxS4 system (Figure S4.1a) for x > 0.1 a clear 

structure transformation from orthorhombic to tetragonal is observed and Cu3SbS4-ySey has te-

tragonal structure. These results agree well with previous study.
[5,13]

 In this section we focus on 

crystal structure analysis of three unreported solid solutions in the Cu56 system. 

The powder X-ray diffraction was performed for three unreported solid solutions in the sys-

tem, namely the Cu3PxAs1-xSySe4-y (0 < x < 1, 0  y  4) compounds (Figure S4.1a – S4.1d). Fig-

ure 4.2 exhibits the unit cell constants of these solid solutions extracted from XRD patterns. 

Based on the apparent similarity of the intermediate as well as the x = 0 and 1 compositions in 

Cu3PxAs1-xS4
 
(Figure 4.2a), we conclude that the wurtzite-related enargite-type structure is as-

sumed by all members of this series. A monotonic unit cell expansion for 0 < x < 1, following 

Vegard’s law, confirms the uniform incorporation of the larger crystal radius As cation on the 

smaller P cation site. This result is similar to that reported for Cu3PS4-ySey compounds.
[4]

 

The Cu3AsSySe4-y (1  y  4) and Cu3P1-xAsxSe4 (0  x  0.75) solid solutions also crystallize 

in the orthorhombic structure, as shown in Figures S4.1b and S4.1c, respectively. However, a 

structure transition is expected in these systems as the Cu3AsSe4 composition with the tetragonal 

unit cell is approached. In case of Cu3AsSySe4-y such transition is not observed for y  1. A 
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unique pattern is observed for Cu3As0.9P0.1Se4. Using a model enargite structure with random dis-

tribution of P and As on the respective a-site yields a similar pattern, however an exact match is 

not obtained. Long range ordering of P/As cations may be present to account for the differences. 

In all solid solutions examined the unit cell volume clearly increases with the incorporation 

of larger cations, e.g., P → As → Sb, or larger anion, e.g., S → Se. The wide range of solid solu-

tions available in this materials system enables fine tuning of the optical and electronic properties 

over a wide range, relevant to application as absorbers in thin film solar cells.  

Optical Properties. The variation of optical band-gaps is illustrated for all solid solutions with 

the change of the compositions in Figure 4.3a. The band-gaps in the Cu56 system monotonically 

decrease with the unit cell volume and the ionic radii of Group V and VI from 2.4 eV (eg Cu3PS4) 

to 0.6 eV (eg Cu3AsSSe3 and Cu3SbS3Se) which fall in the desirable band-gap ranges for solar 

absorber application in PV cells. Cu3SbS4 has the lowest observed optical band-gap of 0.9 eV in 

the sulfide system that necessitates addition of Se for some tandem cell applications. Cu3SbSe4 

and Cu3AsSe4 have the smallest band-gap, EG ~ a few meV
[12,14]

 in Cu56 system thus mixed ani-

on solid solutions provide opportunity for fine-tuning the optical band edge. This trend of a 

band-gap variation with the compositions in a same crystal structure, is commonly observed, i.e., 

CuGaS2 (EG = 2.53 eV), CuInS2 (EG = 1.55 eV), CuInSe2 (EG = 1.0 eV).
[15]

 However, the related 

Cu3(Vb)Ch4 (Vb = V, Nb, Ta) group of materials have the opposite trend of increasing band gap 

with larger unit cell volume and could be used to further tune optoelectronic properties of Cu3-V-

VI4 materials [future work reported separately].  

The optical band gap modulation can be explained by reported DFT calculations that estab-

lish Group V ns – VI np antibonding character near the conduction band minimum (CBM) and 

Cu 3d – Group VI np antibonding character near the valence band maximum (VBM) in the Cu56 
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system.
[2,16]

 The larger group V cation produces smaller splitting of the boding and antibonding 

states, lowering the energy position of the CBM. The higher absolute energy level of Se 4p states 

compared to those of S 3p states raises the energy of the VBM, while the modest splitting of 

bonding and antibonding states for the Cu – Se and Group V – Se interactions versus Cu – S and 

Group V – S interactions, respectively, leads to a lower energy CBM. The net effect is an overall 

narrowing of the energy gap in the materials with increasing Se concentration. Likewise, follow-

ing down Group V from P to Sb, the higher energy level of Sb 5s and 5p states, compared to ns 

and np orbitals of P and As, could push up VBM and push down CBM, resulting in a narrower 

band-gap energy. In Cu3(As,Sb)S4 solid solutions, for example, the more Sb content, the more 

density of states (DOS) of Sb contribution, and the narrower band-gap obtains. 

 Interestingly, we note that two lines linearly fit to the plot of the unit cell volume vs. the 

band-gap; one line fits the data points of Cu3P(S,Se)4 and Cu3(P,As)Se4 solid solutions, and the 

other fits the data points of Cu3As(S,Se)4, Cu3(P,As)S4, and Cu3(As,Sb)S4 solid solutions (Figure 

S4.2). Two distinguish slopes could be related with the contribution of Cu 3s – Group VI hybrid-

ization on CBM. In Cu-P-Se ternary compounds, P 3s weakly interact with the anion Se 4p states 

and Cu 4s mainly contribute to CBM, while other cations As and Sb has the high energy level 

enough to interact with both anions S and Se contributing mainly to CBM. 

Electrical Properties. Resistivity (ρ), carrier concentration (p), and mobility (μ) from Hall effect 

on pressed pellets are shown in Figure 4.3b - d. Seebeck coefficients are consistent with p-type 

semiconductor behavior (300 – 500 μVK
-1

). The hole majority carrier type is likely due to the 

prevalence of Cu vacancies within a matrix of d
10

 Cu
1+

, similarly to other copper-chalcogenides. 

Electrical resistivities vary by approximately three orders of magnitude in samples with anion 

substitution, leading to values ρ < 0.6 ohm cm in both Cu3PSe4 and Cu3AsSe4,while those of cat-
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ion substitutions differ by an order (Figure 4.3b). Thus, the electrical transport properties of the 

Cu56 system can be mainly attributed to the aforementioned change of bonding character with 

increasing Se content.  

The electrical resistivity is mainly determined by two factors: carrier concentration (p) and 

mobility (μ). As seen from comparison of Figure 4.3c and 4.3d, higher carrier concentrations are 

the main contributors to the electrical resistivity in Se substituted solid solution, Cu3P(S,Se)4 and 

Cu3As(S,Se)4. To consider the origin of the elevated carrier concentration in Se materials, we 

need to account for the defect formation energy in copper chalcogenides. It is well known that 

the neutral Cu vacancy in copper chalcogenides has commonly the lowest formation enthalpy, 

depending on certain chemical potential.
[17]

 With rising Fermi energy in band-gap or decreasing 

band-gap, the formation energies of these defects will further reduce. Therefore, Se substitution 

with smaller band-gap has lower defect formation energy, leading to higher carrier concentra-

tions than S-based compounds as in CuIn(S,Se)2
[16]

 and Cu2ZnSn(S,Se)4.
[18]

  

 Figure 4.3d shows the room-temperature Hall mobility as a function of cation and anion 

concentrations. An increase in carrier mobility is also observed with increasing Se content, pro-

ducing ~ 70 Vcm
-1

s
-1

 in Cu3P0.1As0.9Se4. This increase in mobility is expected for band broaden-

ing through higher covalency in Se substituted materials. Interestingly, the order in mobility 

from lowest to highest comprises the cations Sb ~ As > P, while there is no clear trend of carrier 

concentrations with cation substitution. This increase in mobility with larger cations is likely as-

sociated with the change of additional band characteristics. Transport property values on pressed 

bulk samples can vary significantly, because of grain-boundary effects of the polycrystalline mi-

cro-structure.
[19]
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4.4 Conclusion 

We have explored that the electrical and optical properties of Cu3-V-VI4 (V = P, As, Sb; VI = 

S, Se) materials system. Band gap tuning across the 0.6-2.4 eV photon energy range is possible 

in quaternary and quinternary solid solutions. High carrier mobilities in bulk pressed pellets indi-

cate electrically benign grain boundaries. The desirable optical and electrical properties are ex-

plained based on the crystalline lattice structures adopted by the Cu3-V-VI4 compounds. 
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(a)  (b)  

Figure 4.1 Crystal structures adopted by the Cu3-V-VI4 materials family. The orthorhombic 

structure (a) is more common including Cu3P(S,Se)4 and Cu3AsS4. The tetragonal structure (b) is 

assumed by Cu3SbS4 and Cu3AsSe4. 
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Figure 4.2 Extracted cell parameters from bulk XRD patterns of Cu3-V-VI4 materials family.  
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Figure 4.3 (a) optical band-gap, (b) resistivity, (c) carrier concentrations, and (d) Hall mobility of 

Cu3-V-VI4 materials family. 
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Figure S4.1 X-ray diffraction patterns: (a) Cu3PxAs1-xS4 (0  x  1) solid solutions of the ortho-

rhombic enargite structure; (b) Cu3AsSySe4-y (1  y  4) with the enargite structure, converting to 

tetragonal unit cell at y < 1; (c) Cu3P1-xAsxSe4 (0  x  1) solid solutions; (d) Cu3AsxSb1-xS4 (0  

x  1) solid solutions. Calculated patterns from ICSD for Cu3PS4 (#412240), Cu3PSe4 (#41906), 

Cu3AsS4 (#413350) and Cu3AsSe4 (#610359) are demonstrated for reference. 
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Figure S4.2 Relationship between unit cell volumes and optical band-gaps in Cu3-V-VI4 materi-

als system.  
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5.1     Introduction 

A2BX4 metal-chalcogenide compounds, with A and B elements being either main group ele-

ments or only one of them being a 3d transition metal and X a chalcogen (O, S, Se, Te), constitute 

a centrally important group of ternary materials with 255 reported compounds that manifests a 

wide range of physical and chemical properties. Known applications of these include transparent 

conductors,[1] thin film transistors,[2] thermoelectric,[3] lithium ion batteries,[4] and photovoltaic ab-

sorbers.[5] In part, such a diversity of useful properties originates from the variety of adopted crystal 

structures (currently 32 are known), and a range of cation coordination (4-fold to 7-fold) and va-

lence (II, III, IV) in forming crystal structures.[6] Interestingly, however, current compilations of 

A2BX4 compounds based on the two standard inorganic chemistry databases: the inorganic chem-

istry structural database (ICSD)[7] and the powder diffraction file (ICDD-PDF),[8] reveal a signifi-

cant number of materials that are missing out of the possible 656 combinations within the fixed 

elemental composition space. Although a large number of A2BX4 compounds appear to be missing, 

many of these ternary chalcogenides may be thermodynamically unstable. Hence, experimental 

synthesis may have been carried out but unsuccessful, and therefore remained unreported.  

On similar concerns, one intriguing solution emerged out of A. Zunger’s recent paper, in which 

the authors explicitly report on prediction of several missing A2BX4 metal-chalcogenide com-

pounds via first-principles thermodynamics.[9] Among them, we found it quite striking that their 

calculations converged towards the existence of Co2GeS4 with the tetrahedral structure (Figure. 

5.1b) due to two important reasons: (i) this is the only unreported M2GeCh4 compounds to date in 

the company of nearby 3d transition metal-chalcogenide compounds, that includes reported 

M2GeO4 (M = Mn, Fe, Co, Ni, Cu, Zn), M2GeS4 (M = Mn, Fe, Ni, Cu, Zn), and M2GeSe4 (M =Mn, 

Fe, Co)[7,8]; (ii) this compound has a wide range of theoretically predicted chemical stability (the 



95 
 

 

green region in Figure 6.2) compared to other missing compounds calculated in Ref. 9, as we will 

see later. Mathematically, this region represents a set of conditions energetically favoring the for-

mation of the ternary compound, with respect to competing phases. That is, these wider stability 

ranges allow us more easily to meet thermodynamically stable phase. Therefore, we tried specifi-

cally to synthesize the most probable of class, Co2GeS4, to complement theoretical predictions. 

However, Co2GeS4 was not obtained. Facing such a contradiction between experiment and theory, 

we decided to take a closer look at the system in order to add new insight into the intrinsic factors 

that determine the nature of cobalt in forming a crystalline phase in ternary A2BX4 composition. 

It is believed that such experimental work would help improve theoretical density functional the-

ory (DFT) models such as the local density approximation (LDA) and the generalized gradient 

approximation (GGA) with the value of the Hubbard U parameters. 

Inspired by the previous literatures in which a phase transition of several compounds was 

demonstrated by a solid solution approach,[10–14] we decided to investigate site preference of the 

Co2+ cation in the crystal structure of the solid solution system with similar compositions. A few 

studies have so far been made on (Mn,M)2GeS4 (M = Fe, Co, Ni, Cd) and (Fe,M)2GeS4 (M = Mg, 

Mn, Zn) solid solutions.[12,13] H. Haeuseler, et al., found for the (Mn,Co)2GeS4 system that large 

regions of solid solutions crystallized in the olivine-type structure.[12] Later on, their other re-

searches showed that Fe and Co have similar preference for the octahedral site occupation in the 

(Mn,M)2GeS4 system, which suggested that the solid solutions between Fe and Co could have 

larger crystallizing regions in the olivine-type structure.[13] Phase investigations of (Co,M)S (M = 

Mn, Zn,Cd) binary solid solutions have also been carried out in order to verify the site preference 

of Co2+ ions in different crystal structures: rocksalt, sphalerite, and wurtzite type, and the solubility 

limits came to two principal conclusions: (i) Co2+ ions have no pronounced site preference for a 
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special environment due to crystal field stabilization and (ii) the different solubility of cobalt sul-

fide could be only understood by the ionic radii.[14] However, these results, unfortunately, cannot 

explain why Co2GeS4 does not exist in either olivine or spinel (Oh occupancy), or tetrahedral (Td 

occupancy) structures unlike nearby components with similar radii. Therefore, we studied, for the 

first time, the details of the (Fe,Co)2GeS4 and (Co,Zn)2GeS4 solid solutions structure using X-ray 

diffraction, and thus elucidate how the Co-substitution influences the structure in order to examine 

the missing Co2GeS4 compound. The focus of this work is to study the cobalt content and temper-

ature dependence of the (Fe,Co)2GeS4 and (Co,Zn)2GeS4 phase diagram through the chemical syn-

thesis and structural investigation in order to validate the theoretical calculation and to establish 

the framework between the theoretical prediction and the experimental results. 

 

5.2 Experimental Section 

A two-step approach was used to predict the existence of Co2GeS4 compound.[9] First of all, 

the structure types from ICSD were used to find the lowest-energy crystal structure of an unknown 

Co2GeS4 compound.[15] We compute the total energies of all 32 structure types by relaxing all 

external (cell shape) and all internal (atomic positions) degrees of freedom. The electronic degrees 

of freedom are described within DFT by the GGA + U approximation, and the total magnetization 

is also relaxed to the ground state by using the Perdew-Burke-Ernzerhof (PBE) exchange-correla-

tion functional[16] as implemented in the Vienna ab initio simulation package (VASP), the projec-

tor-argumented wave (PAW) pseudopotential[17]. An energy cutoff of 220-520 eV is used. Second, 

it is to determine whether new predicted structure is stable with respect to decomposition into its 

competing phases. To address this issue, formation enthalpy energies (ΔHf) of all decomposition 
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reactions involving Co2GeS4 are calculated. This calculation was done using GGA + U with fitted 

elemental-phase reference energies” (FERE).[15] 

(Fe,Co)2GeS4 and (Co,Zn)2GeS4 solid solutions were synthesized by a solid state reaction with 

iodine as a transport agent. The starting materials were commercial reagent grade Fe, Co, Zn, Ge, 

and S having purity > 99.99 % from Alfa Aesar. Stoichiometric quantities of reactants with slight 

Ge and S excess were mixed and heated at 300 ~ 1050  for 1 week in evacuated sealed fused-

silica tubes. Excess Ge and S are used due to volatility of GeS material, which creates a substantial 

amount of weight loss, as well as a change in the compositional ratio of the constituents in the 

solid solution. Additional regrinding and reheating was carried to achieve high crystallinity and 

purity solid solutions, for high resolution X-ray analysis. The phase of (Fe,Co)2GeS4 and 

(Co,Zn)2GeS4 solid solutions was characterized by a Rigaku Ultima IV diffractometer with a 0.02 

rad slit and Cu Kα radiation (λ= 1.5418 ). Data were collected between 10 and 60 ° at a step size 

of 0.02 ° and a dwell time of 1 s. The obtained powder X-ray diffraction patterns were compared 

with ICSD and ICDD-PDF files using the PDXL software suite.[18]  

 

5.3   Results and Discussion 

Figure 5.1a and 5.1b show experimentally confirmed Fe2GeS4
[19] and theoretically predicted 

Co2GeS4
[9] structures, respectively. Fe2GeS4 compound adopts the well-known olivine-type struc-

ture (space group Pnma), in which the Fe atoms occupy two different octahedral (Oh) sites, 4a (0 

0 0) and 4c (x 1/4 z), and the Ge atoms occupy tetrahedral (Td) sites, 4c (x 1/4 z). The 4a Oh site 

is smaller and more symmetric than larger and more distorted 4c Oh site. On the other hand, the-

oretical calculations predicted Co2GeS4 to have the deficient zincblen-like Ag2HgI4-type structure 
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(space group P-42m, a = 5. 467 , c = 4.917 ), in which Co and Ge atoms both occupy tetrahedral 

sites 2f (0 1/2 1/2) and 1a (0 0 0), respectively, arranged by S atoms at 4n (x y z) with x = 0.2502 

and z = 0.2337. Analog to normal/inverse spinel structures, the simplest inverse Ag2HgI4-type 

structure generated by swapping a pair of Co-Ge atoms in the 7-atom primitive cell was calcu-

lated[9] and found to have slightly lower total energy than the normal Ag2HgI4-type structure. The 

energy difference between normal and inverse Ag2HgI4-type structures is rather small (less than 1 

meV/atom), reflecting that there is neglectable site preference for both Co and Ge on the tetrahe-

dral sites in the deficient zincblend-like structure. Thus at finite temperature Co2GeS4 may have 

Co and Ge atoms randomly distributed on the tetrahedral sites in the zincblend-like structure, re-

sulting in cubic zincblend-like structure with Co/Ge randomly occupied on the cation sites, which 

is the observed crystal structure of Zn2GeS4 compounds.[12]  

Figure 5.2 expresses calculated ranges of chemical potentials of the elements in which 

Co2GeS4 is thermodynamically stable. This range of stability is identified excluding the regions of 

chemical potentials in which competing phases are energetically favored. For the given Co2GeS4 

compound, in order to be thermodynamically stable, the following set of equality and inequalities 

needs to be satisfied[15]: 

2∆μ 	∆μ 	4∆μ 	∆H Co GeS ,										 5.1                                                   

∆μ 	 0, I Co, Ge, S ,										 5.2  

n ∆μ 	m ∆μ 	q ∆μ 	∆H Co Ge S , i 1, … , Z 					 5.3  

with Z the total number of binary and ternary competing phases with chemical formulae 

Co Ge S  and formation enthalpies ∆H Co Ge S . Equation (5.1) represents a 

plane in the three-dimensional ∆μ , ∆μ , ∆μ  space whose Caresian axes corresponding to the 
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chemical potentials of the elements and, therefore, leaves the chemical potentials of two of the 

three species as independent variables. Such a region on the Equation (5.1) is represented in Figure 

5.2 via its two-dimensional projection onto the plane of the ∆μ  and ∆μ  chemical potentials at 

∆μ  = 0. If there is a violation of at least one of the inequalities (5.3) at any point inside the triangle 

then the Co2GeS4 compound is predicted unstable under the thermodynamic equilibrium condi-

tions, otherwise Co2GeS4 is thermodynamically stable in this calculation as illustrated in Figure 

5.2. Since ∆μ describes the state of the source of pure elements, the region of the triangle within 

which the examined Co2GeS4 forms can be directly translated to the needed growth conditions. In 

the case of sulfides, the range of ∆μ  for which the Co2GeS4 forms can be translated into ranges 

of sulfur partial pressure and temperature needed for growth. Indeed, the stability plot of Co2GeS4 

indicates that this compound should form within a wide range of chemical potentials. 

 Powder X-ray diffraction (XRD) was performed for each of (Fe,Co)2GeS4 and 

(Co,Zn)2GeS4 solid solutions obtained from samples brought to equilibrium with iodine as a 

transport agent at 550  and 1050 , respectively (Figure S5.1 and S5.2). Figure 5.3a – 5.3d 

shows the unit cell constants of (Fe,Co)2GeS4 solid solutions extracted from these XRD patterns. 

With increasing molar ratio of cobalt, the unit cell constants a and b of the olivine-type 

(Fe,Co)2GeS4 solid solutions decrease up to x = 0.3, together with the appearance of broad diffrac-

tion peaks. On the other hand, c is almost constant up to x = 0.8, where the limit of the olivine-

type structure was detected. The slope of the curve obeyed Vegrad’s law.[20] Figure 6.3e shows the 

extracted unit cell volume of (Co,Zn)2GeS4 solid solutions. The unit cell volume V of the tetrahe-

dral-type (Co,Zn)2GeS4 solid solutions initially increases up to x = 0.2 comparing to initial 

Zn2GeS4 volume and decreases up to x = 0.5 with increasing molar ratio of cobalt. Interestingly, it 

shows the abrupt change of the unit cell volume between x = 0.2 and 0.3, which is evident the 
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compositionally driven structural phase transition. This nonlinear displacement suggests Co2+ cat-

ions occupy both Oh and Td sites initially, which makes initial cell volume increase. This work, 

however, does not mention the possible existence of intermediate olivine or spinel phase. In both 

of solid solutions, cation substitution makes distortion in the structure even though the distortions 

of the coordination Oh and Td in the sulfide-based structure are smaller than in the oxide-based 

one. Therefore, Co2+ cation substitution could make the olivine-type (Fe,Co)2GeS4 and the tetra-

hedral-type (Co,Zn)2GeS4 solid solutions to be unstable due to three important factors: (i) the pres-

ence of shared edges or corners shortened to reduce metal-metal repulsion forces, (ii) the ionicity 

difference of the Co-S bond comparing to the Fe-S and the Zn-S bonds, and (iii) the misfit between 

Oh and Td sites after the substitution. Considering the structures known binary and ternary cobalt 

sulfide compounds occupying Oh or Td sites, we may wonder though if an edge-shared Co2+ Oh 

within the olivine-type structure and the corner-shared Co2+ Td with the tetrahedral-type structure 

are stable, none of the binary Co-S compounds exhibit Co2+-Co2+ bond lengths comparable to that 

of Fe2+-Fe2+ bond length (~ 3.6 ) in Fe2GeS4 and that of Zn2+-Zn2+ bond length (~ 3.9 ) in 

Zn2GeS4. For comparison, Fe2+ and Zn2+ cations have similar arrangement in Fe2S3 smythite[21] 

and in ZnS (space group F4-3m)[22]. So far, edge-shared Oh sites of nearest neighbor Co are re-

ported only for Co2+ in Mo2CoS4 (space group Cc)[23] and for Co3+ in Co3S4 (space group Fd3-

mz)[24] (and spinels thereof) with much shorter Co-Co distances of 3.3 . In case of corner-shared 

Td sites, the distance of nearest neighbor Co is 3.5  in Co9S8 (space group Fm3-m), respec-

tively.[25] Such preference to short Co-Co distances complies with the results on larger contraction 

of the a and b parameters in (Fe,Co)2GeS4 solid solutions in order to diminish the average metal-

metal distance at shared-edge sites, and may result in large distortions in both the olivine-type 
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structure of the (Fe,Co)2GeS4 and the tetrahedral-type structure of the (Co,Zn)2GeS4 and subse-

quently lead to its destabilization beyond the their solubility limits.  

To address the above issues further, we investigated the temperature dependent phase diagrams 

of two series of solid solutions plotted in Figure 5.4a and 5.4b. In the system (Fe,Co)2GeS4, the 

solubility of Co2+ cation increases as decreasing temperature and maximum temperature for syn-

thesis is comparably low, otherwise the solubility limit in (Co,Zn)2GeS4 increases with tempera-

ture and it needs higher temperature to be synthesized. Especially, Figure 5.4b shows that there 

exists a nonlinear dependence of minimum temperature for synthesis of (Co,Zn)2GeS4 tetrahedral-

type phase, which complies with extracted cell parameters shown in Figure 6.3e. As the content of 

cobalt increases furthermore beyond their solubility limits, both of unit cell parameters remain 

fairly unchanged from x = 0.3 and 0.5, respectively, and XRD intensities from the parents-type 

structure decrease, giving rise to a set of binary cobalt sulfides (Co3S4 and CoS) with GeS2 de-

pending on the molar ratio of cobalt as shown in Figure 5.4. The strongest binary phases were also 

confirmed at trials to directly synthesize Co2GeS4 from different temperatures. These binary com-

pounds exactly match competing phases around the ternary formation region in the calculated 

phase diagram in Figure 5.2, leading to partly agree with theoretical results. This result is of im-

portance as it clearly brings four of experimental evidences: (i) Co2+ cation has Oh site preference 

at high temperature, but Td site preference at low temperature, (ii) the small energy difference 

(only 0.03 eV/atom) between Co2GeS4 and the competing binary phase make us not easily acces-

sible in experiment. In this respect, we could get a chance to meet new Co2GeS4 phase outside 

current synthesis conditions (extremely high and low temperature) experimentally, and other fac-

tors not included in this work, such as temperature dependence and entropy term, could give us a 
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chance to predict correct crystal structures theoretically. The relative weakness of such DFT meth-

ods is that they tend to overly delocalize electrons so that they are unable to properly describe the 

thermodynamics and the electronic properties of the compounds. To counterbalance the discrep-

ancy between theory and experiment, A. Zunger, et al. brought an important correction to GGA 

models by explicitly considering coulombic correlation effects through FERE,[15] also applied in 

this work. As FERE has characteristics to be continuously updated through experimental results, 

this work will provide us the chance to properly find other missing materials through the feed-back 

of experimental results. 

 

5.4 Conclusion 

We have tried to find the missing Co2GeS4 compound through (Fe,Co)2GeS4 and (Co,Zn)2GeS4 

solid solutions by a systematic investigation between theoretical prediction and experimental re-

sults. Overall, we bring new insights to the solid solution as well as the behavior of the binary 

phases as a function of the moral ratio of cobalt and temperature although the compound, Co2GeS4, 

chosen here for a case study of the validation of the theoretical calculation does not exist. Previ-

ously, it had only been reported a one-phase solid solution limit or two end-members correspond-

ing to a complete miscibility in the similar solid solution system. Our findings raise several fun-

damental questions as to the origin of the driving force enabling the Co2+ cation to incorporate into 

the binary or ternary compounds, and furthermore to collaborate with theoretical prediction models 

used in this work. More generally, this coupled approach creates a practical framework for future 

design principle based search and discovery of effective materials.  
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Figure 5.1 The crystal structure of (a) theoretically predicted Co2GeS4 (tetrahedral-type) and (b) 

Fe2GeS4 (olivine-type), slightly off (010). 
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Figure 5.2 Projection of the allowed ranges of chemical potentials onto ∆ , ∆  plane with 

the green polygon defined by Equation (5.1) representing the region of thermodynamic stability. 
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Figure 5.3 Unit cell parameters as a function x in (a) ~ (d) Fe2(x-1)Co2xGeS4 and (e) Zn2(x-

1)Co2xGeS4. These values were refined in the Pnma and F4-3m space groups, respectively. 
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Figure 5.4 Phase distribution diagrams of a function x in (a) Fe2(x-1)Co2xGeS4 and (b) Zn2(x-

1)Co2xGeS4 established from XRD data collected from 500 to 1050 . Filled and open symbols 

are maximum and minimum temperature to be synthesized, respectively. 
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Figure S5.1 X-ray spectra of synthetic Fe2(x-1)Co2xGeS4 solid solutions with 0 ≤ x ≤ 1 at 550 . X-

ray diffraction (XRD) patterns were compared with inorganic crystal structure database (ICSD). 
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Figure S5.2 X-ray spectra of synthetic Zn2(x-1)Co2xGeS4 solid solutions with 0 ≤ x ≤ 0.9 at 1050 . 

X-ray diffraction (XRD) patterns were compared with inorganic crystal structure database (ICSD).
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Chapter 6 

Conclusions 
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Two approaches, photovoltaic and thermoelectric, to meet the needs for renewable energy are 

discussed in this dissertation. To achieve this ambitious goal, the discovery of new promising 

materials requires a combination of keen chemical intuition, theoretical guidance, synthetic 

chemistry expertise, materials processing, and good measurement skills. The work presented in 

here was performed by this powerful combination to both offer materials design principles and 

identify promising candidates for photovoltaic and thermoelectric applications. 

One of the most research semiconductor materials is the synthetic mineral tetrahedrite, typi-

fied by Cu12Sb4S13. Optical, electrical, and thermal properties have been tuned via chemical sub-

stitutions, allowing optimization of performance toward the realizations of high-efficiency de-

vices. For example, the strong onset of absorption near EG ~ 1.36 eV in Cu10Zn2Sb4Se13 along 

with the absorption coefficient reaching a maximum value of 3 × 10
5
 cm

-1
 at EG + 0.6 eV, sug-

gests that the thickness of the absorber layer can be reduced to < 500 nm without significant loss 

in performance. This inherent strong absorption property coupled with tunable band gaps and 

fabrication temperatures less than 300 ℃ makes the tetrahedrite family of materials especially 

attractive for photovoltaic absorbers. For thermoelectric applications, among tetrahedrite-

derivatives, the Mn substituted sample (Cu11MnSb4S13) exhibits the highest ZT, i.e., 1.13 at 575 

K, which is primarily derived from an extremely low lattice thermal conductivity (κL ≤ 0.3 Wm
-1

 

K
-1

). Additionally, this work demonstrates that this exceptional multi-functionality is related to 

the unique structural building blocks of these materials. Thus, exploring related materials may 

provide further opportunities to develop a new generation of PV and TE materials.  

In the context of similar structural features, Cu3-V-VI4 (V = P, As, Sb; VI = S, Se) has also 

been discovered as absorber candidates. The band gaps of this family via mixed composition can 

be tuned between 0.6 and 2.4 eV with attendant hole mobilities up to 70 cm
2
 V

-1
 s

-1
. These prop-
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erties coupled with relatively low synthesis temperature (T < 450 ℃) makes members of this 

family especially attractive as candidates for new polycrystalline thin-film solar cells in a tandem 

configuration. 

Finally, it has been attempted to find the missing Co2GeS4 compound through (Fe,Co)2GeS4 

and (Co,Zn)2GeS4 solid solutions by a systematic investigation between theoretical prediction 

and experimental results. More generally, this fundamental research creates a practical frame-

work for future design principles based search and discovery of effective materials. 
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