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0. Abstract 

Over the last few years, small-molecule organic semiconductors have been garnering 

increasing research interest as flexible electronic materials thanks to their abundance, ease of 

processing, high purity, and low thermal conductivity. In this work, we evaluate in detail the 

thermoelectric (TE) properties of a small-molecule organic semiconductor 2-5-difluoro-

7,7,8,8-tetracyanoquinodimethane (F2-TCNQ) by first-principles calculations and Boltzmann 

transport equations. Upon optimal n-doping, a peak power factor of 566 µW m-1 K-2 can be 

achieved at room temperature, attributed to the band-like three-dimensional (3D) 

intermolecular electron transport from the efficient overlapping and delocalization of the 

lowest unoccupied molecular orbitals (LUMOs) which results in high electron mobility and 

favorable power factor. Furthermore, we find that the electron mobility can be significantly 

enhanced by almost 80% to 48.54 cm2 V-1 s-1 with just an interlayer compressive strain of 5% 

owing to the further increase in the overlapping and delocalization of the LUMOs. These 

findings showcase not just the potential outstanding TE properties of F2 -TCNQ, but also 



indicate strain engineering to be a viable approach towards the enhancement of the TE 

performance, paving the way to methodized screening, identifying, and assessing other 

analogously layered small organic molecular materials for potentially high performing TE 

applications. 

 

1. Introduction 

In recent years, organic semiconductors have been garnering increasing research interest as the 

next generation flexible thermoelectric (TE) materials owing to their abundance, inherent 

softness, low fabrication cost, ease of processing, etc.1 The TE performance of a material is 

usually represented by the dimensionless figure-of-merit zT = S2σ
κ

T , where S, σ , κ , and T 

correspond to the Seebeck coefficient, electrical conductivity, total thermal conductivity, and 

temperature, respectively. As such, a high zT value can be attainable with high power factor 

S2σ and low κ. Since organic TE materials typically possess low κ with values below 1 W m-1 

K-1,2-4 optimization of S2σ is therefore the main factor for high TE performance.  

Organic TE materials can be classified as either polymers or small molecules. Although 

current research on small-molecule organic TE materials are not as well-developed as their 

polymer counterparts, the former is appealing in that the purification and crystallization of 

small organic molecules are rather more straightforward and facile, and n-type conduction may 

be more easily achievable.3 These are important because: (1) the presence of impurities and 

defects can disrupt the crystal packing, significantly reducing the electrical conductivity σ and 

overall TE performance; and (2) most polymer TE materials are p-type instead of n-type due 

to prevalent poor air- and moisture-stability of the latter arising from low ionization energies 

and low electron affinities, or shallow band edges.5, 6 It is therefore imperative to identify high 

performing small-molecule organic n-type TE crystalline materials for applications in TE 

devices. 



Among multitudinous experimentally reported small-molecule organic crystals, 2-5-

difluoro-7,7,8,8-tetracyanoquinodimethane (F2-TCNQ) particularly stands out for exhibiting 

one of the highest room-temperature electron mobility µ of ~7 cm2 V-1 s-1.7 The origin behind 

this exceptional µ has been attributed to its unique parallel packing of individual molecules in 

its crystal, resulting in a band-like three-dimensional (3D) electron transport from the efficient 

overlapping and delocalization of the lowest unoccupied molecular orbitals (LUMOs) between 

each molecule.7-9 Since a high µ would lead to significant electrical conductivity σ, we wonder 

if we could uncover the underlaying mechanism behind the high µ and how it would potentially 

translate to a large power factor S2σ and explore whether the application of strain in between 

the F2 -TCNQ layers (i.e., interlayer strain) could have an effect to the S2σ  and the TE 

performance.  

By using first-principles calculations and Boltzmann transport equations, we find that 

F2-TCNQ is indeed a high performing TE material. Importantly, its room-temperature peak n-

type power factor S2σ  has been determined to reach up to 566 µW m-1 K-2 , potentially 

exceeding those of other promising n-type small-molecule- and polymer-based organic TE 

materials. In addition, the effects of strain engineering to F2 -TCNQ have also been 

investigated. Upon systematically applying a series of interlayer strain to F2-TCNQ crystal, we 

observe a significant 80% increase of the mobility µ  to 48.54 cm2 V-1 s-1  along with 

enhancement of the electrical conductivity σ and S2σ with 5% compressive interlayer strain. 

We find that this is attributed to the increase in the extent of overlapping and delocalization of 

the LUMO orbitals of adjacent F2-TCNQ molecules in the strained crystal. These findings 

showcase strain engineering to be a viable approach towards the enhancement of the TE 

performance of F2 -TCNQ and opens the door to methodical screening, identifying, and 

examining other related layered organic molecular materials for new potentially high 

performing small-molecule organic TE materials. 



 

2. Methodology 

First-principles calculations are performed using the Perdew-Burke-Ernzerhof (PBE) exchange 

correlation functional based on the generalized gradient approximation (GGA)10, 11 along with 

the Grimme’s van der Waals (vdW) correction12 as implemented in the Quantum ESPRESSO 

package.13, 14 The optimized norm-conserving Vanderbilt (ONCV) pseudopotentials from 

PseudoDojo15 are used to replace the core electrons, alongside a plane-wave energy cut-off of 

90 Ry and a well-converged and uniform 3 × 3 × 3 k-point mesh for Brillouin zone sampling. 

During the structural relaxation of unstrained F2-TCNQ crystal, both the atomic positions and 

cell dimensions are allowed to change, whereas for the strained F2-TCNQ crystals, only the 

atomic positions and cell dimensions along the in-plane directions (perpendicular to the 

direction of strain) are allowed to relax to simulate strain being applied along interlayer (i.e., 

[001]) direction, with in-plane relaxations. The Heyd-Scuseria-Ernzerhof hybrid functional 

(HSE06)16, 17 is used to obtain accurate electronic band structures and band gaps. 

 Phonon calculations are carried out using density functional perturbation theory 

(DFPT) under PBE-GGA as implemented in the PHONON package of Quantum 

ESPRESSO.13, 14 A 3 × 3 × 3  q-point mesh is used for Brillouin zone sampling for the 

phonons, followed by the interpolation of the electron-phonon matrix elements into well-

converged 30 × 30 × 30  k-point and q-point meshes using maximally localized Wannier 

functions (MLWFs) 18, 19 as implemented in the Electron-Phonon coupling using the Wannier 

function (EPW) code20, 21 to evaluate the transport properties for accurate representation of the 

carrier mobilities and TE performance according to the self-energy relaxation time 

approximation (SERTA)21 under the framework of the Boltzmann transport equation (BTE). 

According to the BTE, the electron velocity matrix vk  is evaluated using first-order k-

derivatives of the Hamiltonian and followed by the determination of TE quantities such as the 



electrical conductivity σ  and Seebeck coefficient S, as delineated in previous works.22-28 

Briefly, these two quantities can be expressed as: 

	σ =
e2

Ω
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where e, Ω, T, Ek, EF, f0(Ek, EF, T), and τk refer to the elementary charge, unit cell volume, 

temperature, band energy at given k-point, Fermi energy, Fermi-Dirac distribution function, 

and the relaxation time. The MLWFs are also utilized in the accurate determination of the 

transfer integrals according to the Wannier90 code.29 

 

3. Results and Discussion 

3.1 Structural Properties 

F2-TCNQ crystallizes in the monoclinic C2/m space group whereby adjacent molecules are 

oriented parallel to each other in the form of layered molecular stackings (Figure 1a). Upon 

minimization of the total energy, the equilibrium lattice parameters of the fully relaxed and 

optimized F2-TCNQ crystal are determined to be a0 = 8.820 Å, b0 = 10.208 Å, c0 = 5.769 Å, 

α0 = β0 = 90.0 °, and γ0 = 106.75 °, which agree well with experimental results.7 For our work, 

to simulate tension and compression along the [001] direction of the F2-TCNQ crystal, we 

apply a series of interlayer strains to F2-TCNQ along the out-of-plane axis perpendicular to the 

F2-TCNQ layers which we define as ε	=	 c	*	c0
c0

	×	100%, while allowing the molecules to relax 

biaxially in-plane as shown in Figure 1b. Here, the out-of-plane c lattice parameters with and 

without subscript ‘0’ correspond respectively to unstrained and strained F2-TCNQ crystal. A 

positive or negative ε correspond respectively to tensile or compressive strain. As such, ε 

ranging from -5% to +5% in steps of 1% are considered for this work. This is also analogous 



to application of interlayer pressure from 1.0 to -0.6 GPa (Figure 1c). Upon imposing of the 

interlayer strain on the F2 -TCNQ crystal, the in-plane distance between the molecules 

decreases, leading to a reduction in the a, b, and γ lattice parameters (Figure 1d), albeit to a 

much smaller extent from +0.9% to -0.4%, +1.7% to -0.6%, and +0.2% to -0.1%, respectively. 

 

3.2 Electronic and Phonon Properties 

Pristine F2-TCNQ is a semiconductor with an indirect band gap of 1.26 eV, whereby its valence 

band maximum (VBM) and conduction band minimum (CBM) are located on the Z and Y 

point, respectively, as illustrated in Figure 2a. The valence band of pristine F2-TCNQ crystal 

displays a band dispersion of ~0.5 eV. On the other hand, the conduction band exhibits a 

relatively larger dispersion width of ~1 eV, implying better band delocalization. The calculated 

effective electron and hole masses are illustrated in Figure S1. Here, the effective mass 

components are separated into 3 orthogonal directions, namely, longitudinal, side, and 

interlayer which correspond approximately to the crystal’s [1 -1 0], [1 1 0], and [0 0 1] 

directions. These values of the calculated effective electron and hole masses indicate that they 

exhibit similar anisotropy whereby their effective masses are the lowest along the longitudinal 

direction of F2-TCNQ molecular backbone. However, the resultant effective masses still show 

the electrons to be overall much lighter than the holes. The intermolecular electronic coupling, 

which quantifies the degree of overlap and interaction of molecular orbitals between adjacent 

F2 -TCNQ molecules, are illustrated in the form of electron and hole transfer integrals in 

Figures S1c to S1f. We observe that the effective electron (hole) mass and electron (hole) 

transfer integral calculations agree with each other whereby the magnitudes of the electron 

(hole) transfer integral are the highest and the effective masses are the lowest along or towards 

the longitudinal direction. We use the phrase ‘along or towards’ in the previous sentence to 

note that the directions of the intermolecular couplings with significant transfer integrals are 



not exactly parallel to the longitudinal direction as they comprise a certain degree of interlayer 

and side components as observed in the Figure S1d and S1f. However, these directions of the 

equivalent couplings average out to become parallel to the longitudinal direction. The sum of 

the electron transfer integrals is found to be 507 meV, which is much larger than the 297 meV 

of the hole transfer integrals, indicating the electrons to be more delocalized than the holes. 

This suggests electron transport properties in pristine F2-TCNQ crystal to be superior over 

those of the holes. The converged valence and conduction band edge positions of pristine F2-

TCNQ are found to be -6.23 and -4.97 eV with respect to the vacuum (Figure S2a). Moreover, 

the calculated conduction band edge position is in good agreement to the experimental values 

of -4.9 to -4.3 eV.30 The deep conduction band edge position not just  renders the material to 

be air- and moisture-stable,5 but also promotes efficient electron acceptance from source 

electrode by lowering of the electron injection barrier. The phonon dispersion spectrum is 

plotted in Figure 2e which illustrates dynamic stability of pristine F2-TCNQ thanks to the 

absence of imaginary frequencies.  

The response of the F2-TCNQ electronic band structure and phonon dispersion towards 

interlayer strain is also shown in Figure 2. Under increasing strain, the CBM reacts by shifting 

upwards while the VBM remains almost invariant, resulting in the increment of the band gap 

(Figures 2a and 2d). Moreover, while the resultant effective hole masses in Figure 2b appear 

to vary only slightly (up to +5%) with the minimum occurring between -1% to 0% strain, the 

resultant effective electron masses increase at a larger extent with strain (from -8.6% to 18.3%). 

This is also reflected from the transfer integrals in Figure 2c where the sum of the electron 

transfer integrals shows a larger degree of decrease (+9.3% to -13.2%) with strain as compared 

to that of the holes (+5.5% to -11.0%). These observations further reinforce the fact that the 

conduction band is more delocalized and hence, increased sensitivity to strain. The valence 

band edge positions appear to remain rather consistent with strain (slight decrease from -6.27 



to -6.30 eV), whereas the conduction band edge positions shift to become slightly more positive 

(from -5.07 to -4.94 eV) (Figure S2), albeit still indicating air- and moisture stability in addition 

to efficient electron acceptance. We note that the consistency of the observed valence band 

edge position with strain may not be realistically accurate since one experimental study has 

suggested the work function (which is approximated to be equivalent in magnitude to the 

valence band edge position with respect to vacuum) to vary rather significantly above several 

hundreds of meV with strain.31 However, in that work, rubrene was investigated instead which 

possesses a herribone crystal packing compared to the layered structure of the F2 -TCNQ 

crystal. Moreover, the authors have also admitted that DFT calculations can still predict 

qualitatively the trend with strain. Therefore, with increase in strain, we can still assert that the 

valence band edge position would decrease while maintaining the air- and moisture-stability. 

Besides, as strain increases, the phonon dispersion frequencies are red-shifted while no 

negative (imaginary) frequencies are observed (Figure 2e), indicating F2-TCNQ to remain 

dynamically stable even with -5% to +5% interlayer strain. In addition, it can be observed that 

the lowest phonon frequency band near the Γ  point, i.e., interlayer acoustic (ZA) phonon 

branch, transforms from being relatively linear to quadratic shaped (as often observed in two-

dimensional materials) with increasing interlayer strain, suggesting enhanced two-dimensional 

character.32 This is expected since increasing interlayer strain results in the increase of 

interlayer distance, which is analogous to delaminating the layered F2-TCNQ crystal into two-

dimensional sheets. As such, with the more delocalized conduction band and potentially better 

electronic and transport properties as a consequence, we focus in detail on the strain 

engineering towards enhancing of the n-type thermoelectric (TE) properties of  F2-TCNQ. 

 

3.3 Thermoelectric (TE) Properties 



Following our results from the electronic structure and phonon dispersion, we perform TE 

transport coefficient calculations according to the semiclassical Boltzmann transport equation 

(BTE). In the simulation of n-type doping, we assume a shift of the Fermi level position into 

the conduction band within the rigid band approximation. Figure S4 shows the Seebeck 

coefficients S, electrical conductivities σ , and power factors S2σ  with respect to electron 

concentration N. In general, with the increase in electron concentration N, Seebeck coefficient 

S decreases in magnitude dramatically whereas electrical conductivity σ increases, producing 

a peak power factor S2σ at their respective optimal N. As such, for consistency, three values of 

N, i.e., 1 × 1019 , 5 × 1019 , and 1 × 1020  cm-3 , which straddle the values of peak S2σ, are 

selected to illustrate the variation of the TE quantities with respect to strain. Figure 3 shows 

these TE quantities S, σ, and S2σ of n-doped F2-TCNQ crystals at various N values, as well as 

electron mobilities µ, at room temperature with respect to strain. Before investigating the strain 

effects, we shall firstly focus on the unstrained F2-TCNQ crystal. At room temperature, the 

unstrained F2-TCNQ crystal displays outstanding n-type TE properties with a peak S2σ of up 

to 566 µW m-1 K-2 along the longitudinal direction (directional averaged S2σ = 305 µW m-1 

K-2) thanks to low effective electron mass and also the contribution from the two main transport 

directions with the largest electron transfer integral. This value greatly outperforms those of 

other promising n-type organic molecular TE materials such as perylene diimide (PDI-3, 1.4 

µW m-1 K-2)33 and tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ, 0.2 – 39.2 µW 

m-1 K-2)34, 35, and also prominent n-type metal-organic polymer-based TE materials such as 

poly(nickel-ethenetetrathiolate) (poly(Ni-ett), 66 – 453 µW m-1 K-2 )36, 37; thus, suggesting 

potential for F2-TCNQ as an n-type TE material. The peak S2σ occurs at an optimal N of ~ 5 

to 8 ×1019 cm-3, which is in the range that is experimentally feasible for organic molecular 

crystals.33 While there are not yet available published values of S, σ, and S2σ for the F2-TCNQ 



crystal, our calculated room-temperature µ with values ranging from 6.56 to 28.78 cm2 V-1 s-1 

are of similar order of magnitude and in agreement to the experimental value of ~7 cm2 V-1 

s-1.7  

Upon application of interlayer strain to the F2 -TCNQ crystal, various trends are 

observed for the TE quantities. First and foremost, compressive interlayer strain (ε < 0%) 

results in significant enhancement to electronic mobility µ up to almost 80% compared to the 

unstrained counterpart (Figure 3h), potentially attaining a maximum value of 48.54 cm2 V-1 

s-1. This can be justified from the increase in the intermolecular electronic interactions due to 

the reduced interlayer separation upon compression, which would result in larger µ since µ is 

directly correlated to the degree of intermolecular electronic interaction.8, 9 The degree of 

increase in the various directional components of µ with compressive strain appears to be 

almost similar to each other, illustrating the 3D charge transport in F2-TCNQ. Next, because 

the electrical conductivity σ is directly related to µ, i.e., σ = Neµ, compressive strain would 

give rise to approximately similar degree of increase in σ as compared to their respective µ 

(Figure 3c, 3d). On the other hand, the corresponding Seebeck coefficients S appear to be less 

sensitive to interlayer strain (with ∆S ±20%) and displaying an opposite trend to σ and µ, where 

their values of S slightly decrease with compressive strain, in addition to being rather isotropic 

(Figures 3a, 3b, S4). As a result of the opposing relationship, the variation of the S2σ with 

interlayer strain becomes mostly dependent upon σ, while slightly attenuated by the smaller % 

change of less sensitive S, giving rise to a similar while milder enhancement of S2σ with 

compressive strain for electron concentration N of 1 × 1019 cm-3 (Figures 3e, 3f). However, 

when N are 5 × 1019 and 1 × 1020 cm-3, which are beyond the optimal N at peak S2σ for -3% 

interlayer strains and below (Figure S4), a slightly different trend is observed whereby the 

enhancement of S2σ becomes reduced and even almost similar to that of the unstrained F2-



TCNQ. Moreover, because of this observation, we would like to note that at -2% interlayer 

strain, i.e., a compression of ~0.36 GPa along [001], its power factor S2σ can reach up to 689 

µW m-1 K-2 (directional averaged S2σ = 370 µW m-1 K-2), which a 22% increase as compared 

to the unstrained F2-TCNQ (Figures 3e, 3f). The reason can be attributed to a combination of 

variations in the degree of the change (or gradient) in both Seebeck coefficient S and electrical 

conductivity σ with electron concentration N as compared to other values of interlayer strain 

(Figure S4). Since organic molecular TE materials typically possess low thermal conductivities 

κ below 1 W m-1 K-1,2, 3 and that it was proposed that TE materials with carrier concentrations 

N above 1019 cm-3 (as also observed for our n-doped F2-TCNQ at their peak S2σ in Figure S5) 

can result in probable electron-phonon scattering-induced reduction in the lattice thermal 

conductivity,38 negating the increase of κ  with increasing compressive strain and thereby 

enhancing the overall TE performance, this showcases that F2 -TCNQ is not just a highly 

potential n-type small-molecule organic TE material itself, and also that its high mobility and 

TE performance could be further enhanced with application of appropriate compressive 

interlayer strain. 

 

4. Conclusions 

In summary, we have systematically investigated the electronic and TE properties of 

F2-TCNQ single crystals using first-principles calculations and Boltzmann transport equations 

with scattering time approximation, and also the strain effects. While unstrained F2-TCNQ 

crystal is predicted to already show outstanding n-type TE performance, we find that 

implementation of compressive interlayer strain leads to better electronic interactions between 

neighboring molecules which can further enhance the electron mobility significantly and hence 

the electrical conductivity of F2 -TCNQ. These insights present stress engineering to be a 

sensible approach towards improving the TE performance of F2-TCNQ and pave the way for 



more systematic screening, identification, and evaluation of other related layered organic 

molecular materials as novel potential high performing small-molecule organic TE materials. 
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Figure 1.  (a) Crystal structure of F2-TCNQ with the conventional monoclinic unit cell lattice 

indicated in orange dashed lines along with the lattice parameters a, b, and c, and the primitive 

unit cell lattice indicated in purple. The molecular structure of F2-TCNQ is shown in the right 

with C, N, F, and H indicated by black, blue, green, and white spheres, respectively. (b) 

Schematic of positive (tensile) and negative (compressive) interlayer strain ε applied on the 

conventional monoclinic unit cell along the c-axis while allowing relaxation along both a- and 

b-axes direction. Plots of (c) equivalent interlayer pressure and (d) ∆ lattice parameters of a, b, 

and γ versus interlayer strain ε. The ∆ lattice parameter is defined as X	*	X0
X0

	×	100%, where X 

and X0 corresponds to the lattice parameters a, b, or γ for the strained and unstrained F2-TCNQ 

crystal, respectively. The black horizontal and vertical dashed lines are guide to the eyes for 

comparison with unstrained F2-TCNQ crystal. 

  



 

Figure 2. (a) Electronic band structures of F2-TCNQ along monoclinic high-symmetry paths 

with different interlayer strains obtained via HSE06 functional. The Fermi level at the valence 

band maximum (VBM) is set to 0 eV. Plots of (b) the ∆ resultant effective hole and electron 

masses, (c) the ∆ total hole and electron transfer integrals, and (d) the ∆ band gaps of F2-TCNQ 

versus interlayer strain. The filled and unfilled points in (b) and (c) correspond to the electrons 

and holes, respectively. The ∆  [property] is defined as X	*	X0
X0

	×	100% , where X and X0 

corresponds to a particular [property] for the strained and unstrained F2 -TCNQ crystal, 

respectively. The black horizontal and vertical dashed lines are guide to the eyes for 

comparison with unstrained F2 -TCNQ crystal. The individual directional component 

contribution of the effective hole and electron masses as well as the various intermolecular 

electronic coupling of the hole and electron transfer integrals are illustrated in Figure S1. (e) 

Phonon dispersion spectra of F2-TCNQ along monoclinic high-symmetry paths with different 

interlayer strains. Only phonon modes up to 150 cm-1 are illustrated for clarity. The overall 

phonon dispersion spectrum of unstrained F2 -TCNQ crystal is illustrated in Figure S3 for 

reference. For (a) and (e), the colors of the solid lines correspond to the magnitude of the 

interlayer strain as illustrated in (b), (c) and (d). 

 

  



 

Figure 3. Plots of room-temperature (a) Seebeck coefficient S, (c) electrical conductivity σ, 

and (e) power factor S2σ of n-doped F2 -TCNQ at various electron concentration N versus 

interlayer strain, and (g) plot of room-temperature electron mobility µ of F2-TCNQ versus 

interlayer strain. The points on the plots are the directional averaged values of the various TE 

properties, i.e., electrical conductivity σ = 1
3

(σlongitudinal + 𝜎side + σinterlayer)  and Seebeck 

coefficient S = Slongitudinalσlongitudinal.Ssideσside.Sinterlayerσinterlayer

σlongitudinal.σside.σinterlayer
. The filled graphs encompass the 

maximum and minimum values of the TE quantities at different transport directions. Their 

corresponding percentage change, i.e., ∆  [property] are illustrated in (b), (d), (f), and (h), 

respectively. The ∆ [property] is defined as X	*	X0
X0

	×	100%, where X and X0 corresponds to a 

particular [property] for the strained and unstrained F2-TCNQ crystal, respectively. The black 

horizontal and vertical dashed lines are guide to the eyes for comparison with unstrained F2-

TCNQ crystal. The range of the % are identical in all the plots for direct relative comparison.  


