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Abstract:   
The goal of this project is to find novel routes to tune thermal conductivities and thermoelect

ric properties of materials mainly composed of relatively abundant light elements like boron, c

arbon, nitrogen, silicon, sulfur, oxygen, etc. We mainly focus on control of the atomic networ

k structure and symmetry in crystal structure of inorganic materials to lead to dramatic effects

 in the properties. I list the main results.  

One particularly studied system in the work was the recently discovered potential n-type count

erpart (YB22C2N as a representative) to p-type boron carbide, which is one of the few therm

oelectric materials with a history of commercialization.  

As a byproduct of attempting further control of the network structure by utilizing atomic bridging sites,

 we have discovered an anomalous vanadium doping effe c t  i n  Y B 2 2 C 2 N

 that increased the electrical conductivity by 50,000% while simultaneously increasing the Seebeck c

oefficient by 220%. Selective transition metal doping was also clearly demonstrated to modify t

he crystal structure of a borosilicide, leading to significant increase of the thermoelectric powe

r factor and change of sign in the Seeebeck coefficient. Such demonstration of the possibility

 to modify the crystal structures can expand the possibilities of borides as functional compou

nds. 

A series of indium-free novel TCO compounds with novel crystal structures, has revealed 

exceptionally low thermal conductivity through its homologous nature and mixing of the cation sites, 

and exhibited thermoelectric properties indicated to be better than the extensively studied IZO, as an 

n-type oxide. Furthermore, as an example of material design utilizing particular crystal structures, a 

unified description for crystal structures of another new homologous series in the gallium zinc oxides 

was formulated. 

Silicon or germanium based cage compounds with low thermal conductivity were also found to reveal 

enhanced properties through small substitution of the network atoms. 

A potential replacement material to boron carbide, having related crystal structure, boron sulfide 

B6S1-x, with S-S atoms bridging the boron clusters, was revealed to exhibit similar large thermopower 

at high temperatures, with much lower processing temperatures than boron carbide. 

To summarize, by focusing on control and design of crystal structures, novel promising thermoelectric 

materials with low thermal conductivity were discovered or powerful methods for modification were 

demonstrated in the borides, silicides and oxides.   

 

 

Introduction:   
The goal of this project is to find novel routes to tune thermal conductivities and thermoelectric (TE) 

properties of materials, which will pave the way for the first wide scale application of thermoelectric 

power generation from waste heat. Approximately two thirds of all primary energy (fossil fuels, etc.) 

being consumed in the world, sadly turns out to be unutilized, with much of the waste being in the 

form of heat. The useful and direct energy conversion of waste heat to electricity is a large incentive 

to find viable thermoelectric materials. Traditionally high performance TE materials have tended to 

contain rather undesirable elements like Pb, Te, Bi, Ag, etc. which are obstacles to their wide-spread 

usage. A large goal is to find ways to highly functionalize common, relatively light elements like B, Si, 
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Al, etc. which can have a huge impact on the sustainability and wide-spread usage of functional 

materials. 

The XIII~XV group elements (C, B, Si, Al, Sn, etc.) have been known to form covalent compounds wi

th particular network-like structures, i.e. clusters, 2D atomic nets, cage-like structures in which the str

uctural order plays a large role in the physical properties. We a r e  ma i n l y  i n t e r e s t ed  i

n the non-carbon materials which have not been as well studied as their carbon counterparts. We fo

cus on the network structure as a route to endow these relatively light element compounds wi

th functionalities, and as seeds, we have found that it appears possible to have a degree of c

ontrol over the atomic network structure which has led to dramatic effects in the TE properties.  

Namely, we have recently discovered that small amounts of third elements like carbon, nitrogen, and s

ilicon can sometimes function as bridging sites, and result in the formation of novel and varied boron 

cluster structures. As a result, a series of homologous compounds; YB17CN, YB22C2N, andY

B28.5C4, was recently discovered to be the long awaited n-type counterpart to boron carbide.  

In this work, we investigate various doping experiments in an attempt to find routes to furthe

r modify the network structure and enhance physical properties. Namely, we mainly focus on 

control of the atomic network structure and symmetry in inorganic materials to lead to dramat

ic effects in the thermal conductivities and thermoelectric properties  

 

 

Experiment:  High temperature synthesis methods were employed to synthesize and develop the 

thermoelectric borides, silicides, and oxides studied in this project. 

 

 

Results and Discussion:   
The results described in the abstract are well described in detail in the refereed publications attached. 

 

 

We add a little more detail on some works which are still in press. 

Boron sulfides: B6S1-x 

Boron carbide (B4.3C - B~11C) has been extensively studied due to its attractive thermoelectric 

properties. We focused on boron-rich compounds with sulfur instead of carbon, of which there has 

only been an early report on existence of B12S-B12S1.3 phase structurally belonging to the -rh B 

group. 

B6S1-x samples (0.37x≤0.40) have been prepared from weighed mixtures of starting components 

which were well mixed with gallium and compacted into pellets applying ~30 MPa of pressure. An 

excess of sulfur (about 10 wt. %) was used to compensate the losses due to evaporation. The reaction 

process was performed in a BN crucible under a flow of Ar at about 1473 -1573 K for 4 hours; 

afterwards the setup was cooled down in 1 hour to room temperature. X-ray powder diffraction 

structural studies showed that similar to B6O and B6P structures, the boron atoms form a framework of 

B12 icosahedra which are bonded to each other and to S-S units are located in the interstices extended 

along the c axis of the rhombohedral unit cell (Fig. 1). The S-S distance (2.386 Å) is larger than the 

typical value of 2.08 Å for the S-S tetrahedral bond length, indicating weak bonding interaction 

between sulfur atoms. Rietveld refinements indicated the existence of a small homogeneity range 

revealing the population level of sulfur atom site around 60% - 63%. All samples possess p-type 

conductivity, and the electrical resistivity decreases with temperature in agreement with the properties 

of semiconductor material. The thermopower of B6S1-x exhibited large values similar to boron carbide 

(Fig. 2). While the samples have quite low density and therefore, low power factor, if a densification 

process can be developed, since sulphur is also quite abundant, B6S1-x may be an alternate to boron 

carbide, with a much lower processing temperature. 

 

 

 

 



 
Fig. 1: View of crystal structure of B6S1-x. 

 

 

 
Fig. 2: Seebeck coefficient of B6S1-x. 

 

 

Anomalous vanadium doping effect 

We have been investigating transition metal doping as a way to modify the network structures and 

enhance physical properties. Several notable results have been obtained as described in the attached 

refereed paers. Vanadium boride seeded YB22C2N were synthesized and the thermoelectric properties 

investigated and analyzed. YB22C2N is representative of the series of rare earth borocarbonitrides 

which is the potential long awaited n-type counterpart to p-type boron carbide. VB2 seeded samples of 



YB22C2N were prepared using VB2 directly as an initial additive and V2O3 which also results in 

formation of vanadium diboride in the final product. The resistivity and Seebeck coefficient of 

samples were measured in the temperature range of 323 K to 1073 K.  A dramatic effect of thermal 

treatment on both resistivity and Seebeck coefficient of VB2 seeded samples was observed.  

Analyses of the influence of VB2 amount in the samples and thermal treatment on thermoelectric 

properties of YB22C2N were carried out, and from a theoretical analysis it is indicated that there is 

partial diffusion of the transition metal dopant into the boron cluster lattice. VB2 was revealed to be a 

powerful additive to improve the thermoelectric properties of YB22C2N. An enhancement of more 

than 220% of the maximum absolute value of the Seebeck coefficient was obtained while the 

resistivity was also simultaneously reduced by 50,000%. 

 This is a striking effect and further investigation of transition metal doping into metal borides should 

be investigated as a follow on work. 

 

Doping into the network framework: 

 
Fig. 3: Advantages of network structure 

 

In the case of boron carbide, large enhancement of properties was obtained through network atom 

(B/C) substitution. The long awaited potential n-type counterpart to p-type boron carbide has 

structural similarities to boron carbide. 



 
Fig. 4: View of crystal structure of boron carbide (left) and n-type counterparts (right) 

Investigation of the network (framework) atom B/C exchange was carried out for YB22C2N.

Structural properties have been studied from Rietveld refinement of the X-ray powder diffraction data 

for the series of Y1-xB22+yC2-yN samples revealing rather tiny homogeneity field for a certain range of 

Y concentration (0.24≤x0.30 11.5≤B/C≤12.7). The small range of B/C for Y1-xB22+yC2-yN is a stri

king difference with boron carbide which exhibits a huge variation of B12+xC3-x (0.06≤x≤1.5). 

Non-linear variation of lattice constants has been observed depending on the compositional change. T

he structure changes are accompanied by the site disorder at the chain-end carbon site. The contrasting

 values of displacement parameters for the icosahedron II boron sites may in general be indicative of t

he site disorder within this structural unit as well. With respect to thermoelectric properties, the smalle

st value of B/C ratio in the samples led to the best absolute values of Seebeck coefficient and the maxi

mal power factor. This is a result somewhat matching intuition since the smaller B/C value equ

als an increase of carbon, namely electrons, in the n-type material. However, the range of B/

C possible was indicated to be much smaller than boron carbide and is probably a result of t

he charge balance. In any case, although the adjustable range happens not to be large in this

 case, it is still demonstrated that the modification of the framework is a clear route for impr

ovement of physical properties. 
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