
  

 

COMMUNICATION 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

Beyond Mahan-Sofo Best Thermoelectric: High Thermoelectric 
Performance from Directional π-Conjugation in Two-Dimensional 
Poly(tetrathienoanthracene)  

Tianqi Denga, Xue Yonga, Wen Shia, Zicong Marvin Wonga, Gang Wua, Hui Panb, Jian-Sheng Wangc 
and Shuo-Wang Yang*a

Mahan and Sofo proved that the best thermoelectric could be 

found in materials with a sharp peak in the density-of-states (DOS) 

near the chemical potential, which may come from a localized 

electronic state. However, such state usually results in a poor 

electrical conductivity. Therefore, such idealized model leads to this 

question: is there a material which naturally possesses narrow DOS 

peak near the band edge without localized state? The answer is yes. 

From a number of covalent organic frameworks (COFs), we 

identified poly(tetrathienoanthracene) (PTTA), a purely organic 2D 

COF possessing such DOS and subsequently achieves significant 

thermoelectric performance with an enhanced Seebeck coefficient 

such that the peak n- and p-type power factors can reach up to 14.9 

and 21.9 μW cm-1 K-2, respectively. This provided a feasible 

prototype for Mahan-Sofo model and demonstrated for the first 

time that a purely organic 2D COF could exhibit high thermoelectric 

performance for functional applications. 

A good thermoelectric (TE) material must have a high figure of 

merit, 𝑧𝑇 = 𝜎𝑆2𝑇/𝜅, where σ, S, T, and κ are electrical 

conductivity, Seebeck coefficient, absolute temperature, and 

total thermal conductivity, respectively. To achieve high zT, high 

σ and S but low κ should be simultaneously fulfilled. However, 

maximizing zT is always challenging because these parameters 

are usually negatively correlated1,2. Mahan and Sofo proved 

mathematically that the best thermoelectric could be found in 

materials which possess delta-function-like sharp peak in the 

density-of-states (DOS) near the Fermi level3. Typically, this 

condition can be realized in two scenarios, i.e., narrow band, 

and resonant state around impurity atom. The first scenario, as 

illustrated in Figure 1(a), is found in localized and weakly-

coupled electrons such as f-electrons in rare-earth metals. 

However, Zhou et al. indicated that an extremely narrow delta-

function-shaped DOS actually leads to immobile charge carriers 

with a vanishing electrical conductivity and therefore a zero zT, 

while optimal zT was only found at a finite bandwidth4. Figure 

1(b) represents another scenario where on top of a typical 

three-dimensional (3D) DOS, the impurity atomic level 

resonates with 3D band and forms a sharp DOS peak with 

localized zero-dimensional (0D) feature. This has been 

experimentally observed in p-type lead telluride with thallium 

dopants which introduce DOS peak near Fermi level and double 

its zT value5,6. However, impurities significantly reduce the 

carrier mobility due to additional scattering which limits the zT 

enhancement. Considering the abovementioned downsides, 

large zT values can be expected if the materials intrinsically 

possess sharp DOS feature around band edge with delocalized 

electrons. Previous theoretical studies revealed that pipe-like 

Fermi surfaces in bulk materials like PbTe7 lead to two-

dimensional-like DOS feature near valence band edge which 

enhanced its Seebeck coefficient. Besides, anisotropic bands in 

phosphorene8, and Rashba spin-splitting in BiSb monolayer9 

also showed sharp DOS feature from delocalized states and 

thereafter increase Seebeck coefficient while retaining good 

carrier mobility. Therefore, if a material naturally possesses 

such a sharp but delocalized DOS peak near the band edge, its 

TE performance could possibly surpass Mahan-Sofo strategy of 

just simple delta-function-like DOS peak. 

In search of TE material candidates, we recognize that 

polymer-based materials have been receiving heavy attention 

in recent years in stretchable and wearable TE applications10 

because of their flexibility10,11 and low lattice thermal 

conductivity (typically below 1.0 W m-1 K)12 compared to 

conventional inorganic materials. Various theoretical works 

have been carried out in understanding and searching of 

organic TE materials13–17. More importantly, a growing family of 

porous organic structures, known as covalent organic 

frameworks (COF)18, simultaneously exhibit high carrier 

a. Institute of High Performance Computing, Agency for Science, Technology and 
Research, 1 Fusionopolis Way, #16-16 Connexis, Singapore 138632. Email: 
yangsw@ihpc.a-star.edu.sg; Tel: +65 64191343 

b. Institute of Applied Physics and Materials Engineering, and Department of Physics 
and Chemistry, Faculty of Science and Technology, University of Macau, Macao 
SAR 

c. Department of Physics, Faculty of Science, National University of Singapore, 2 
Science Drive 3, Singapore 117551 

†Electronic Supplementary Information (ESI) available: [details of any 
supplementary information available should be included here]. See 
DOI: 10.1039/x0xx00000x 



COMMUNICATION Journal Name 

2  |  J. Name. , 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

mobility and intrinsically low thermal conductivity due to high 

intrinsic porosity. By connecting molecules with covalent bonds 

in two dimensions, a variety of interesting electronic 

characteristics emerges in two-dimensional (2D) COF19 such as 

graphene-like Dirac cone20,21 and tunable band structures22. 

Therefore, we are motivated to explore the large 2D COF family 

and search for TE material candidates with both favorable DOS 

features and good carrier mobility. 

In this work, we report a purely organic 2D COF, 

poly(tetrathienoanthracene) (PTTA) which possesses sharp 

Mahan-Sofo-like DOS peak near band edge, as shown in Figure 

1(c), and thereby significant thermoelectric performance is 

expected. Tetrathienoantracene (TTA) is a planar heteroacene, 

consisting of fused thiophene and benzene rings with effective 

2D π-conjugation across the rings23. Upon 2D polymerization to 

PTTA, it forms an extended conjugated planar structure [(Figure 

1(d)] as demonstrated experimentally24 and theoretically25. Our 

calculation also confirmed that hole wave function at valence 

band edge around Γ point, as shown in Figure 1(e), indeed 

extends to all thiophene and benzene rings in two dimensions 

and results in a typical 2D band structure and DOS. Meanwhile, 

states that only extend along a linear chain of thiophene and 

benzene rings, also appears at Σ and Σ’ points as shown in Figure 

1(f). Unlike one-dimensional materials where charge transport 

is extremely directional, PTTA shows moderate anisotropy 

along different directions. This is because the quasi-one-

dimensional states at Σ and Σ’ points extend along two different 

crystal axes. In combination with the 2D state at band edge that 

carries charge, the charge transport anisotropy is therefore not 

as significant as those one-dimensional materials. And 

according to Mahan-Sofo theory, the sharp peak in DOS 

expected be beneficial for TE performance. Therefore, we 

proceed to calculate the charge transport properties of PTTA to 

validate the expected TE performance enhancement. 

Using density functional theory26–28 and Boltzmann 

transport equation in scattering time approximation3, we 

calculated the Seebeck coefficient using band structure of this 

“real-world” material. This method has been successfully 

applied to predict and understand charge transport and 

thermoelectric properties of molecular crystals29, 2D inorganic 

compounds9, graphyne30, and coordination polymers14,17. The 

results are then compared with idealized parabolic band model 

in two dimensions. For fair comparison, we used the PTTA hole 

effective mass and unit cell volume for 2D model. Details of 

calculations are given in supporting information. As shown in 

Figure 1(h), Seebeck coefficient of PTTA along both directions 

(Sx and Sy) outperforms the 2D model at all carrier 

concentrations studied, with an enhancement beyond 100 μV 

K-1. We compared the results from both constant scattering 

time approximation (CSTA) and full scattering time limited by 

phonon- and impurity-scattering31, and found that the 

difference between SCSTA and full scattering time S is very small. 

This confirms the importance of PTTA’s special electronic 

structure, since CSTA calculation is solely based on band 

structure information. 

The origin of this DOS peak could be understood from 

PTTA’s molecular structure. As shown in Figure 2(a), each unit 

of PTTA consists four thiophene rings, labelled clockwise as 1 to 

4, fused to the central anthracene. Alternatively, we can think 

of ring 1 and 3 as para-substitutions of central benzene ring, 

while 1 and 2 are ortho-substitutions. Thiophene and benzene 

rings are efficiently conjugated along such para direction. 

Figure 1. Schematic illustration of density-of-states (DOS) in (a) narrow band, and (b) resonant level scenarios. Mahan and Sofo3 proposed that such DOS could lead to enhanced 

thermoelectric performance. (c) The actual DOS of PTTA valence band, where on top of a typical 2D DOS, a 1D-like peak appears near band edge. (d) PTTA structure, primitive cell 

boundary (gray dashed lines), first Brillouin zone (cyan area) and high symmetry points. Carbon, sulfur and hydrogen atoms are marked black, orange, and gray, respectively. The 

charge density of holes at (e) Γ point with fully 2D conjugation, and (f) Σ point which is only conjugated along one direction. These two states contribute to the parabolic band at Γ 

point and ridge-like band at Σ point shown in (g). Such combination leads to the DOS feature and (h) a significant Seebeck coefficient enhancement, as compared to S2D from 

idealized 2D parabolic band model. The Seebeck coefficient in constant scattering time approximation (SCSTA) does not differ much from S calculated with phonon- and impurity-

limited scattering time. Therefore, instead of scattering effects, PTTA’s band structure and DOS feature play more important roles in the Seebeck coefficient enhancement.
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However, thiophene ring 1 and 2 are β-linked, i.e., linked 

through carbons which are not adjacent to sulfur atoms. Such 

linkage is known to form cross-conjugation and limits π-

conjugation efficiency between thiophene rings32,33. This is in 

agreement with previous theoretical observation, where linear 

TTA oligomer’s HOMO and LUMO energies strongly depend on 

the connection direction25. They found that in para-connected 

TTA oligomer, the HOMO-LUMO gap contraction was as large as 

0.98 eV, while oligomer connecting through ortho direction only 

showed a gap contraction of 0.58 eV. This causes the 

appearance of quasi-one-dimensional states at Σ and Σ’ points, 

as shown in Figure 1(f) and 2(b), which leads to the flat 

dispersion from Σ towards Γ, and eventually to the DOS peak in 

Figure 1(c) and 2(c). Since only para directions contribute 

significantly, the gap contraction of two-dimensionally 

connected oligomer (1.03 eV) is only slightly stronger than para-

connected linear oligomer25. This also explains the energetic 

proximity between the fully conjugated 2D state and quasi-one-

dimensional state. 

To further elucidate the role of DOS peak and structure-

property relationship, we also studied a hypothetical isomer of 

PTTA whose repeating unit could be synthesized through a 

different reaction23. Its only difference is in the thiophene ring 

orientations, as shown in Figure 2(d), and its calculated total 

energy per repeating unit is only 13 meV higher than 

experimentally synthesized PTTA structure. A small variation in 

molecular structure results in significant electronic change, 

where the flat dispersion near Σ point disappears as shown in 

Figure 2(e). The hole state in first valence band at Σ/ Σ’ point 

shows a totally different, fully conjugated 2D feature, as 

indicated by their charge densities illustrated in Figure S1. As a 

result, the DOS peak near band edge disappears. From the 

molecular structure perspective, this originates from the 

strengthened conjugation along ortho direction. Instead of β-

linkage in Figure 2(a), the thiophene rings 1 and 2 in this 

hypothetical isomer are α-linked, similar to the way they 

connect in PEDOT. Such α-conjugation is more efficient than β-

linkage32,33, and leads to a much stronger inter-molecular 

coupling and greater HOMO-LUMO gap contraction in linear 

oligomers along ortho direction, which was reported to be 1.41 

eV as compared to 0.58 eV in the original structure25. The 

conjugation along para direction remains strong, with a gap 

contraction of 0.86 eV observed in oligomer with para 

connection25. The efficient conjugations along both directions 

eventually lead to a fully conjugated 2D band with strong 

dispersion along all directions, and the DOS peak disappears, as 

shown in Figure 2(e) and 2(f). Such difference in band structure 

and DOS, as expected, leads to the difference in Seebeck 

coefficient around 100 μV K-1 observed in Figure 2(g). This again 

confirms the hypothesis that Seebeck coefficient enhancement 

in PTTA comes from the DOS peak. And the DOS peak which 

arises from the quasi-one-dimensional states near band edge, is 

closely related to the directional π-conjugation structure of 

PTTA. By investigating the DOS of stacked 2D PTTA in several 

different configurations, as discussed in supporting 

information, we found that such sharp increase in the DOS is 

also present in stacked 2D PTTA. It shows similar DOS feature 

resembling those of PbTe anologs7, suggesting PTTA to be a 

promising TE material with robustness even in stacked 

structure. 

The phonon dispersion of PTTA calculated from density 

functional perturbation theory34 is illustrated as Figure 3(a) in 

which no imaginary frequency is observed, hinting at dynamic 

stability of freestanding 2D layer. The stability of 2D PTTA is 

further supported by our ab initio molecular dynamics 

simulation at 300 K and 600 K respectively, where the planar 

structure is robust within the simulation durations in both 

cases, as shown in Figure S2. The low-lying phonon branches 

provide crossover among phonon branches which may lead to 

more phonon scattering possibility. Importantly, the relatively 

small group velocity is also beneficial for thermal conductivity 

reduction, which benefits the overall TE performance. 

To evaluate the overall TE performance of PTTA, charge 

carrier mobility and electrical conductivity are also needed. To 

this end, charge carrier scattering time is calculated by including 

electron-phonon and electron-impurity interactions, which 

then enables the assessment of charge transport properties 

using Boltzmann transport theory31. As expected, the charge 

carrier scattering rate is almost proportional to the DOS35, as 

shown in Figures S3 and S4. Therefore, at the band edge away 

from the singular DOS peak, the DOS is smaller and scattering 

time is longer. Varying the energy towards the DOS peak, the 

scattering time is drastically decreased by almost an order of 

magnitude. However, the carrier mobility is still reasonably 

good for an organic polymer structure because of longer 

scattering time and light effective masses of both electrons and 

holes near the band edges, which are crucial for transport. A 

mode-by-mode phonon analysis, as shown in Figure 3(b-c), 

clearly indicates that both longitudinal and transverse acoustic 

phonons contribute significantly to the electron-phonon 

scattering even at the band edges. For high energy holes, the 

Figure 2. (a) Molecular structure of PTTA, with thiophene rings number as 1 to 4 

clockwise. The para direction is marked with red dashed line. (b) Band structure and DOS 

of PTTA, where the DOS peak shown in (c) arising from quasi-one-dimensional dispersion 

around Σ point is marked with red oval to guide the eye. (d) A hypothetical isomer of 

PTTA with different thiophene ring orientation. The -linked thiophene rings along ortho 

direction intensified the -conjugation and leads to fully conjugated states in two 

dimensions, and thereby removes the quasi-one-dimensional state and DOS peak, as 

observed in (e) and (f). The configurational difference and resulting distinct electronic 

structure, which ultimately lead to the large difference in Seebeck coefficient shown in 

(g). 



COMMUNICATION Journal Name 

4  |  J. Name. , 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

optical vibration contribution also becomes non-negligible. This 

observation diminishes the fidelity of simple deformation 

potential theory in our case here, which only adequately 

describes long-wavelength longitudinal acoustic phonons36. 

The calculated intrinsic mobility of holes, limited by 

electron-phonon scattering, is 16.2 cm2 V-1 s-1 along y direction 

and 7.9 cm2 V-1 s-1 along x direction as shown in Figure 4(a). The 

mobility is relatively high as compared to the experimental 

values of high mobility 2D COFs37,38 which range from 1.3 to 8.1 

cm2 V-1 s-1. The direction dependence is mainly due to the 

anisotropic effective mass m* of holes, where it is about 0.20 

me and 0.74 me along the y and x directions, respectively. 

Instead of being mobile along only a single direction like typical 

quasi-one-dimensional materials, carriers in PTTA are mobile in 

both x and y directions and its mobilities in these two directions 

only differ by a factor of 2 even with the presence of quasi-one-

dimensional states. Such behavior comes from the band edge 

2D state which carries mobile carriers. In addition, the 

directional dependence is reduced by the symmetric presence 

of quasi-one-dimensional states at both Σ and Σ’ points, which 

extend along a-axis and b-axis, respectively. Therefore, the 

overall anisotropy is only a factor of 2. Similar anisotropy is also 

observed for the electrons, with effective mass of 0.38 me and 

0.80 me along the y and x directions, respectively. The electron 

mobility is smaller than the hole’s as a result of heavier effective 

mass and shorter scattering time. Along y direction the electron 

mobility is 5.1 cm2 V-1 s-1, while along x direction it is 2.6 cm2 V-

1 s-1. More details of n-type transport are visualized in Figure S5. 

At higher doping concentrations around 1019 to 1021 cm-3
 which 

is common for thermoelectric materials12, impurity scattering 

becomes stronger and comparable to electron-acoustic-phonon 

scattering in PTTA and leads to strong mobility reduction, as 

shown in Figures 4(a).  

Combining the high Seebeck coefficient from DOS peak and 

high carrier mobility from 1D and 2D electron confinement, the 

power factor is then calculated as PF=σS2 at 300 K and various 

doping level, and visualized in Figure 4(b). The peak n- and p-

type power factors along y direction are 14.9 μW cm-1 K-2 and 

21.9 μW cm-1 K-2. This power factor is among the highest value 

for polymer-based composites (0.7 μW cm-1 K-2 to 27.1 μW cm-

1 K-2)12 and greater than many purely organic polymer-only 

materials12,39. The peak power factor is achieved at reasonably 

high doping concentrations of 5.7×1020 cm-3 (n-type) and 

3.7×1020 cm-3 (p-type), and the transport coefficients at 

respective doping level are tabulated in Table 1. The 

corresponding electrical conductivity for n-type is 389 S cm-1 

and 567 S cm-1 for p-type, which is only an order of magnitude 

lower than the highly conductive PEDOT:PSS40–42. However, as 

the power factor varies with the square of the Seebeck 

coefficient, its optimal PF still remains relatively large. This again 

confirms the importance of Seebeck enhancement due to the 

DOS peak, which leads to a high |S| around 200 μV K-1 for both 

electron and hole transport. Meanwhile, the Seebeck 

coefficient in 2D effective mass model at the same carrier 

concentration are only 79 μV K-1 and 75 μV K-1 for p- and n-type 

carriers. Such Seebeck enhancement alone promotes the power 

factor by almost an order of magnitude. For comparison, the 

peak power factor of Mahan-Sofo model with single delta-

function-like DOS3, determined by (𝑃𝐹)𝑚𝑎𝑥 = 0.146𝑣2𝜏𝑛𝑖 𝑘𝐵/

𝑇, is only estimated to be 14.4 μW cm−1 K−2 using the average 

〈𝑣2𝜏〉 for optimally doped p-type PTTA along y-direction, which 

is 30% less than PTTA’s predicted performance. The additional 

improvement comes from the coexistence and synergism of 2D 

and 1D electronic states found in 2D PTTA. 

 

 

 

Figure 3. (a) Phonon dispersion of 2D PTTA below 600 cm-1. No imaginary frequency is found. (b) The band edge hole scattering rate by phonons along high symmetry line. The sizes 

of red circles represent the contribution to total electron-phonon scattering rate. (c) Contribution of hole scattering rate from longitudinal acoustic (LA), transverse acoustic (TA), 

and optical phonons. The low energy holes are scattered mainly by LA and TA modes, and they show comparable contribution. High energy holes are dominated by optical phonon 

scattering.

Figure 4. (a) Hole mobility of PTTA limited by electron-phonon and electron-impurity 

scattering mechanism. As doping concentration increases, electron-impurity scattering 

is intensified, thereby reducing the carrier mobility. Due to smaller effective mass, hole 

mobility is higher along y direction. (b) Power factor of p-type doped PTTA. It is also 

higher along y direction mainly due to higher mobility and thereby electrical 

conductivity. 
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Table 1. Transport properties of 2D PTTA at optimal doping level, including carrier 

concentration n calculated using an effective thickness of 3.4 Å, Seebeck coefficient from 

full band structure in single-mode scattering time approximation S, Seebeck coefficient 

for idealized 2D parabolic band model S2D for comparison, mobility μ, electrical 

conductivity σ, power factor PF. The mobility is smaller than intrinsic mobility due to 

inclusion of impurity scattering. 

doping 
n 

cm-3 

S 

μV K-1 

S2D 

μV K-1 

μ 

cm2 V-1s-1 

σ 

S cm-1 

PF 

μW cm-1K-2 

p-type 3.7×1020 196 79 9.5 567 21.9 

n-type 5.7×1020 -197 -75 4.2 389 14.9 

 

Conclusions 

In summary, we discovered an experimentally synthesized 2D 

PTTA to be a potential TE material which goes beyond the 

typical scenarios for Mahan-Sofo best thermoelectric model. 

The 2D PTTA exhibits a DOS peak near the band edges due to 

the presence of quasi-one-dimensional states, which arise from 

the directional π-conjugation in 2D PTTA. By comparing PTTA 

with an idealized 2D effective mass model, we found a large 

Seebeck coefficient enhancement which leads to power factors 

of 14.9 μW cm-1 K-2 for n-type and 21.9 μW cm-1 K-2 for p-type 

doping. This is also the first report of a purely organic 2D COF 

that possesses significant TE performance, and encourages 

further exploration of 2D COF-based TE materials. 
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