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Abstract: Due to its large hole mobility, Organic Rubrene (C42H28) has attracted research questions
on its applications in electronic devices. In this work, extensive first-principles calculations were
made to predict some temperature and doping dependent properties of Organic Semiconductor
Rubrene. We use Density Functional Theory (DFT) to investigate the electronic structure, elastic and
transport properties of the Orthorhombic phase of the Rubrene compound. The calculated band
structure shows the Orthorhombic phase has a direct bandgap of 1.26 eV. From the Vickers hardness
(1.080 GPa), our calculations show that Orthorhombic Rubrene is not a super hard material and can
find useful application as a flexible semiconductor. The calculated transport Inverse Effective Mass
and Electronic Fitness Function show that the Orthorhombic Rubrene Crystal Structure is a p-type
thermoelectric material at high temperatures.

Keywords: electronic structure; DFT; thermoelectric; organic semiconductor rubrene; transport
properties

1. Introduction

Organic Semiconductors (OS) contain pi-bonded molecules which are made up of carbon and
hydrogen atoms [1] and are bound together by van der Waals interactions. Therefore, OS have much
lower hole mobility than inorganic semiconductors due to significantly reduced covalent coupling
generated by the van der Waals contact [2]. Nevertheless, interest and research in OS have grown in
recent years. They are seen as potential candidates for the future generation of electronic gadgets as
they offer the possibility to be used for the manufacturing of low-cost and lightweight devices that
may be huge in size and flexible [3]. The OS earliest application as a photo-conductive coating in laser
printers [4] paved the way to other successful opto-electronic devices, such as Organic Solar Cells
(OSCs) and Organic Light-Emitting Diodes (OLEDs) [5]. Due to their improved transport properties [6],
OS may soon substitute inorganic Semiconductors as primary material for high-speed electronics [6]
devices. Graphene is an excellent example, for its potential to replace Inorganic Semiconductors such
as Silicon and Gallium-Arsenide in the near future.

In spite their promising future, there is still room for improvement in the characterization of
OS, for their rational design and optimization of their properties. These properties are completely
determined by the content and arrangements of the molecules making up the OS. This stems from
the fact that these molecules are experimentally created via synthetic Chemistry. Besides, OS have an
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extremely low dielectric constant of approximately 3–5 [6]. This yields a large exciton binding energy
and most often poor electrical characteristics. Nevertheless, recent breakthroughs have enabled to
overcome many of the obstacles, providing new fundamental insight into the main factors governing
the performance of OS [6].

Despite their low mobility, Organic Semiconductors still find application in OLEDs and solar
cells. Organic Light-Emitting Diodes are now widely employed in commercial displays [7]. They
benefit from having a high contrast, brightness, and lower power usage. As mentioned earlier, despite
the limited mobility and high exciton binding energy, OS are also used in OLED televisions and
smartphone displays [8]. These characteristics make OS more appropriate for emissive devices than
absorptive ones. The OS are primarily, electrical insulators that can become semiconductors when
charges are introduced from valence to conduction band through photo-excitation or doping [9]. In
some cases, OS exist as amorphous thin films or molecular solids [10]. Due to remarkable charge
carrier mobility and luminous efficiency [11], Rubrene C42H28 (5,6,11,12-tetraphenylnaphthacene) is
also a typical OS material that is useful in Organic Thin-Film Transistors (OTFTs), OLEDs and OSCs.
Rubrene is also commonly used in OLEDs as yellow fluorescent dye to boost luminous efficiency,
stability, and durability [12].

The Rubrene structure is essentially a four-winged tetracene molecule [13] which belongs to the
Polycyclic Aromatic Hydrocarbon family. Organic molecular crystals are potential semiconductor
materials for LEDs, Solar Cells, and electrical applications. Organic crystals differ from inorganic
solids with covalent or ionic bondings in terms of mobility and photo-excitement due to weak
intermolecular interactions [14]. Rubrene has the highest carrier mobility for holes 40 cm2/(V.s)
and a high photoconductivity which make it an exceptional OS [15]. These properties are employed
in applications of Rubrene in luminous and flexible devices. Rubrene crystals have closed molecular
packing that is oriented in a certain direction which is known as the "b" direction; this implies
that transport in a Rubrene crystal is one-dimensional in nature [16]. Growing high crystalline
Rubrene thin films is expensive and this impedes its practical applications [17]. Several techniques
have been developed over the years to grow Rubrene thin films. Rubrene thin films can be grown
in amorphous, polycrystalline, or single crystal forms utilizing various techniques. Some of the
experimental techniques include pulsed laser evaporation of solidified solutions [18] and physical
vapor transport [19].

In recent years, the increase in demand for new innovations in electronics has grown rapidly,
hence the need to investigate the elastic, mechanical, temperature and doping dependent properties of
organic semiconductor Rubrene. These findings will enable the creation of entirely new design rules
with improved durability and precise parameter control.

Therefore, for the first time we attempt to calculate and investigate the temperature and doping
dependent properties orthorombic Rubrene using density functional theory (DFT) calculations. In this
research, we represent the structural, electronic, elastic and mechanical (elastic constants, shear, bulk
and young modulus, Pugh’s ratio and Vickers hardness) properties. Also, we intend to record the
values for Pugh’s ratio and Vickers hardness for the first time.

2. Method and Computational Procedure

Structural optimization of the initial atomic positions and lattice structure of Orthorhombic
Rubrene were performed after obtaining initial parameters from the study of Reyes-Martinez [20]. The
electronic cutoff for wavefunctions, the Monkhorst-Pack k-point grid [21] and the lattice parameters
optimization were carried out with a convergence criteria of 1mRy per atom. The atomic positions were
relaxed to obtain the ground state structure of Orthorhombic Rubrene. The structural optimization and
electronic structure were carried out with the Perdew-Burke-Enzenhoff [22–24] exchange correlation
functional of the density functional theory, DFT [25,26] as implemented in the Quantum Espresso
Package [27,28] using a plane-wave cut-off of 45 Ry and a 2 x 6 x 4 Monkhorst-Pack grid with a
Gaussian broadening of 0.01 Ry. The thermo_pw code across a strain range of -0.0075 to +0.0075
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at 0.005 steps was used to calculate the elastic constants using the stress-strain technique. Ultrasoft
pseudopotentials [29] as obtained from QE Pslibrary [30] were used to treat the valence and core
electrons interactions. To calculate the elastic properties of Orthorhombic Rubrene via the stress-strain
method, the stiffness matrix Cij corresponding to nine independent elastic constants were obtained for
Rubrene crystal structure with Laue class D_2h (mmm), while ions were relaxed in each deformation.
Furthermore, mechanical properties of Rubrene were obtained from the elastic constants such as, the
internal strain and load-deflection [31]. The elastic constants were evaluated for small strains (∈) by
applying Hooke’s law and its energy E.

In the determination of the transport properties, a plane-wave calculation was performed to
relax the system followed by a non-self consistence calculation with a dense 40000 k-points. In the
G-vectors, 311243 dense grids were used in the Fast Fourier Transform dimensions, while the starting
wave-functions were randomized with 784 atomic wave-functions. The results obtained from the
Boltztrap calculations were then used to obtain the transport effective mass, and the electronic fitness
function through the TransM code [32]. These calculations help screen semiconductors as either
thermoelectric or in relation to conductivity.

3. Results and Discussion

3.1. Structural Properties of Orthorhombic Rubrene

As shown in Table 1, a lattice constant of 26.79 Â (50.8257 a.u.) was obtained and it is in good
agreement with the experimental value of Ref. [20]. Table 1 shows the optimized lattice parameters a
= 26.7903 Å, b = 7.17001 Å, and c = 14.2112 Å for Orthorhombic Rubrene. These values are in close
agreement with those reported in theoretical studies Ref. [33] and Ref. [34].

Table 1. Calculated and measured lattice constant of orthorhombic Rubrene.

Reference Lattice Constants Method/Theory
a (Â) b (Â) c (Â)

Present work 26.79 7.17 14.21 GGA
Ref. [33] 26.86 7.19 14.43 GGA
Ref. [34] 26.660 7.142 14.025 vdW-DFT
Ref. [34] 26.965 7.206 14.442 Experiment at 294K
Ref. [35] 26.789 7.170 14.211 Experiment at 100K
Ref. [36] 14.1289 7.1455 26.7450 GGA

The relaxed structure of orthorhombic Rubrene (Figure 1b) shows the compound to be a
polymorph with the Cmca space group. Whenever Rubrene molecules unite to form Orthorhombic
crystals, the resulting molecules have a centrosymmetric structure with 2/m symmetry. The cell
parameters of Orthorhombic Rubrene crystal (as reported in Table 1) shows the molecules are
organized in a herringbone packing pattern with nearly complete π- π stacking in the b direction.
This is responsible for its large charge-carrier mobility, which has been affirmed in several pieces
of research [16,34]. The mobility of charge carriers in Orthorhombic monocrystals can approach 40
cm2/Vs, which is equivalent to that of amorphous silicon [37,38]. As seen in most organic crystals,
Rubrene’s electronic transport is very anisotropic. High mobility values can only be obtained along
the lattice’s b axis. The features obtained from Figure 1b agrees reasonably well with the results of
Ref. [34] and [39]. The structural properties obtained in this work agree with previous theoretical and
experimental values.
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(a) (b)
Figure 1. Molecular and Crystal Structure of Organic Semiconductor Rubrene

3.2. Electronic Properties

Figure 2 depict the density of state and band structure, as well as the state and behaviour of
electrons in an Orthorhombic Rubrene crystal. The numerical values for the direct bandgap between
the Highest Occupied Molecular Orbit (HOMO) and the Lowest Unoccupied Molecular Orbit (LUMO)
are shown in Table 2. The highest valence band results from the highest occupied molecular orbital
(HOMO), whereas the lowest conduction band results from the lowest unoccupied molecular orbital
(LUMO). Generally, an energetic bandgap of ∼1-5eV has been recorded for OS such as Orthorhombic
Rubrene [33], as they tend to have a diminishing density of states around the Fermi energy. This is
proportional to the size of the electrical gap, which is fairly considerable. This reduces the density of
thermally generated charge carriers in pure organic crystals, such as silicon.

Table 2. Comparison of band gaps (HOMO - LUMO) of orthorhombic Rubrene obtained in this work,
experiments and previous calculations.

Reference Band Gap Theory
Nature Energy (ev)

Present work Direct 1.26 PBE
Ref. [36] Direct 1.13 PBE
Ref. [40] Direct 1.357 B3LYP 6-311G

Ref. [41] Direct 2.50 B3LYP/6-311G(d,p)
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Figure 2. (a) Band Structure of Orthorhombic Rubrene (b) Density of States of Orthorhombic Rubrene

As shown in the band structure (Figure 2), the bottom of the conduction band (CB) and the top of
the valence band (VB) occur at the same momentum value. This implies that the band structure of
organic semiconductor Rubrene has a direct bandgap, as can be observed with some other organic
semiconductors. The direct bandgap of 1.26 eV obtained within PBE agrees with the calculation
of Ref [36] using PBE also with a direct bandgap of 1.13 eV Ref. [41] and [42] found a greater
disparity between HOMO and LUMO. Their calculated band gap is 2.50 eV and 2.60 eV respectively at
B3LYP/6-311G(d,p) level, which differs from other calculations. So far, there is no theoretical literature
report on the consequential variation in the HOMO-LUMO gap [43]. The highest VB’s structural
characteristic controls hole transport behaviour. The band splitting of the VB of orthorhombic Rubrene
is fairly minimal. Pressure increases intermolecular interaction, resulting in increased mobility [44].
High mobilities are only for holes, and electron mobilities are several orders of magnitude lower [42,45].
Rubrene is a p-type material, as are the vast majority of organic semiconductors [42].

The number of possible electrons (or hole) states per volume at a given energy is given by the
density of states as shown in Figure 2. The density of states distribution at the top of VB is relatively
smooth in the orthorhombic Rubrene.
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Figure 3. Brillouin zone of pristine Orthorhombic Rubrene within the high symmetry points

The high-symmetry points’ reciprocal coordinates are Γ = (0, 0, 0), X = (0, 0, 0.5), S = (0, 0.5, 0.5), Y
= (0, 0.5, 0), Γ = (0, 0, 0), Z = (-0.5, 0, 0), U = (-0.5, 0, 0.5), R = (-0.5, 0.5, 0.5), T = (-0.5, 0.5, 0), and Z =
(-0.5, 0, 0). Each band in the band structures occurs in pairs because the orthorhombic Rubrene crystal
structure comprises two molecules in a unit cell. Figure 2 depicts the band structure along the k-path Γ
– X – S – Y – Γ – Z – U -R – T - Z, where Γ -Z corresponds to the ‘a’ crystal axis and Γ -Y to the ‘b’ axis in
real space [16].

3.3. Elastic Properties

The values of the computed Cij show that the Born-Huang Stability criteria have been fully
satisfied [46] which proves Rubrene to be mechanically stable. The estimated bulk modulus B,
shear modulus G, Young’s modulus E, Poisson ratio, Pugh ratio, and Vickers Hardness using the
Voigt-Reuss-Hill approximation are shown in Table 4 [47]. According to [48], a material is considered to
be ductile if its bulk to shear modulus ratio, B/G, is more than 1.75; otherwise, it is brittle. The obtained
Pugh ratio is 0.74667, which shows Rubrene to be brittle than ductile. This property implies the ability
to break with minimal elastic deformation when stressed and no considerable plastic deformation.
Brittle materials have more strength than ductile materials. Brittle materials are more resistant to
compression. Even high-strength brittle materials absorb relatively little energy before breakage. This
feature proves the ability of orthorhombic Rubrene as an organic semiconductor useful in redefining
the future of flexible and stretchable electronics. Furthermore, the Poisson’s ratio can also prove the
ductility of a material if the ratio is greater than 0.26 and brittleness is less than 0.26. The obtained
Poisson ratio is 0.03292, which agrees with the Pugh ratio can classify orthorhombic Rubrene as brittle.

Table 3. Comparison of independent elastic constants of orthorhombic Rubrene obtained in this work,
experiment and previous calculations.

Reference This work Ref. [20] Ref. [34] Ref. [34]
Method PBE AIREBO vdw-DFT Experiment
C11(GPa) 18.8 15.54 25.31 18.48
C12(GPa) -8.7 1.08 6.94 2.63
C13(GPa) 1.6 2.08 6.78 7.68
C22 (GPa) 13.6 17.85 16.99 13.39
C23 (GPa) 9.4 10.82 10.53 7.77
C33 (GPa) 14.6 13.29 13.94 14.32
C44 (GPa) 7.2 2.03 6.66 6.46
C55 (GPa) 13.2 1.97 4.41 2.8
C66 (GPa) 6.5 3.36 3.67 6.8
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The Vickers hardness Hv is obtained as shown in Table 4. The hardness of a material measures its
resistance to plastic deformation produced by applied forces. The result helps characterise the elastic
and plastic properties of a solid. The predicted Vickers hardness Hv of 1.080 GPa was obtained for
orthorhombic Rubrene using Chen’s model [49]. The result shows that orthorhombic Rubrene is far
from hard and cannot be classified as superhard.

Elastic Constants Cij (GPa) =



18.846944 −8.738236 1.566589 0.00000 0.00000 0.00000
−8.738236 13.633697 9.433130 0.00000 0.00000 0.00000
1.566589 9.433130 14.599899 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 7.220388 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 13.187243 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 6.507988


Calculated elasticity tensor for orthorhombic Rubrene

Also, the calculated reduced elastic constants and anisotropy ratio (C22/C33) of orthorhombic
Rubrene obtained in this work is shown in Table 5. The values of reduced constants C22, C33, and the
anisotropy ratio (C22/C33) are in close agreement with the result of Ref [34] from the experimental and
vdw-DFT method. These findings may be beneficial not only for studying the strain effect on carrier
mobility [16], but also for Rubrene’s actual use as a flexible electrical device [34].

Its directional elastic properties need to be analysed and visualised to better understand an
anisotropic material such as Rubrene. This includes the young modulus, linear compressibility, shear
modulus and Poisson ratio as shown in Figure 5. The debye temperature and average Debye sound
velocity recorded in this research for orthorhombic Rubrene are 331.008K and 2384.484m/s, respectively
(Table 4).

Table 4. Calculated Voigt-Reuss-Hill approximation moduli for orthorhombic Rubrene in this work

Method PBE
Bulk Modulus (GPa) 4.163
Shear Modulus (GPa) 11.519
Young Modulus (GPa) 5.576
Poisson Ratio 0.03292
Pugh Ratio (B/G) 0.74667
Vickers Hardness (GPa) 1.08
Average Debye sound velocity ( m/s ) 2384.484
Debye temperature (K) 331.008

Table 5. Calculated reduced elastic constants and anisotropy ratio (C22/C33) of orthorhombic Rubrene
obtained in this work, experiments and previous calculations.

Reference Method C22 (GPa) C33 (GPa) Anisotropy ratio (C22/C33)
This work PBE 13.6 14.6 0.93
[34] vdw-DFT 15.08 12.12 1.24
[34] Experiment 13.02 11.13 1.17

Young modulus is a mechanical property that measures the tensile/rigidity or stiffness of a
material when the force is applied. It implies the ratio of the tensile stress to the proportional
deformation/tensile strain.

E =
σ

ε
(1)

Where tensile stress σ = F
A is the force per unit area and tensile strain ε = dl

l is extension per
unit length. The young modulus reported for orthorhombic Rubrene in this work is 55.76 kbar which
shows Rubrene as a non-rigid material (Figure 4a).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 March 2024                   doi:10.20944/preprints202403.1483.v1



8 of 15

Linear compressibility or the bulk modulus helps describe a material’s behaviour when pressure is
applied, which can be either negative or positive. The 2D and 3D surface plot (Figure 4b and Figure 5b)
shows the positive values of linear compressibility plotted in green and the negative value in red. The
result indicates that orthorhombic Rubrene crystal structure exhibits negative linear compressibility.

Figure 4. (a)Young’s Modulus, (b)Linear Compressibility, (c)Shear Modulus, and (d)Poisson Ratio’s in
2D showing its directional planes
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Figure 5. (a)Young’s Modulus, (b)Linear Compressibility, (c)Shear Modulus, and (d)Poisson Ratio’s in
3D showing its directional planes

Shear modulus is the ratio of shear stress to the shear strain. It gives information on how resistant
a material is to deformations as shown in Figure 4c and Figure 5c. The 2D and 3D plots of the Poisson
ratio Figure 4d and Figure 5d showed the lateral strain and the longitudinal strain on orthorhombic
Rubrene. Poisson ratio for elastic materials is the ratio of the lateral strain and longitudinal strain,
which gives information on how materials deform under loading. However, the calculated Poisson
ratio value is 0.03292, which lies between -1 to 0.5. The result showed the pristine form of orthorhombic
Rubrene as almost perfectly incompressible as there is little or no transverse deformation when axial
strain is applied.

3.4. Temperature and Doping Dependent Properties

To address the thermoelectric properties, the electronic fitness test is crucial as it evaluates the
thermopower for arbitrary band structures and conductivity [32]. Suitable thermoelectric materials,
in general, have intricate electronic structures that aren’t described by a simple parabolic band [32].
Therefore, electronic fitness function calculation is necessary to identify such materials and address the
σ (Conductivity) and S (Seebeck coefficient) conflict.

The Electronic Fitness Function (EFF) displayed in Figure 6 shows an increase with temperature for
both concentrations, which is caused by the rising temperature and which improves its thermoelectric
performance. There is a dip at carrier concentration 6.5 x 1021for the hole concentration and reaches
peak at 2 x 1021 and 1.1 x 1022. This work also predicted that orthorhombic Rubrene has a high
electronic fitness function at about 500K. Organic semiconductors like Rubrene are mostly p-type
semiconductors.
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Figure 6. Electronic Fitness Function of Rubrene against Carrier Concentrations from 300K to 800K

The structure for the EFF in Figure 6 shows larger p-type EFF values at high doping levels.
This is attributed to the secondary conduction band contribution in Rubrene. Furthermore, as the
temperature rises, it exhibits improved p-type performance. Valley anisotropy, higher band degeneracy,
and multiband contributions in valence bands at higher energies, particularly at high doping levels,
result in larger EFF in p-type materials. The features observed from these results show orthorhombic
rubrene as a promising organic material for thermoelectric applications.

Figure 7 depicts the transport inverse effective mass as a function of carrier concentrations ranging
from 300K to 800K. The result shows it exhibits a light, effective mass of holes. This agrees with the
experiments performed in Ref [50].
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Figure 7. Inverse Effective Mass as a function of the Carrier Concentrations from 300K to 800K

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 March 2024                   doi:10.20944/preprints202403.1483.v1



12 of 15

Figure 8. Transport properties of Rubrene showing the power factor, electrical conductivity and Seebeck
coefficient, respectively.

4. Conclusion

Using Density Functional Theory via First-Principles calculations, the structural, electrical, lattice
dynamics, elastic, temperature, and doping-dependent characteristics of orthorhombic Rubrene were
unveiled. Other properties, such as the Pugh ratio, Vickers hardness, electronic fitness function, and
transport effective mass of the orthorhombic Rubrene crystal structure, are predicted in the present
work.

The relaxed structure of orthorhombic Rubrene showed that it has a high charge carrier mobility.
The band structure calculations show that orthorhombic Rubrene has a direct bandgap of 1.26 eV.
This property makes it suitable for use in high-power electronics. The small bulk modulus (4.163
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GPa) and Vickers hardness (1.080 GPa) reflect the orthorhombic Rubrene crystal structure as not super
hard. The obtained Pugh ratio is 0.74667, which shows rubrene to be brittle rather than ductile. The
calculated transport inverse effective mass and electronic fitness function confirm the orthorhombic
Rubrene crystal structure to be a thermoelectric material of p-type. Furthermore, the results of the
transport effective mass and the electronic fitness function obtained showed that Rubrene is a promising
thermoelectric material that performs best at high temperatures of about 500 K.

Acknowledgments: The Authors acknowledge computational time support from South Africa’s Centre for High
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