
www.advmatinterfaces.de

2101377  (1 of 7) © 2021 Wiley-VCH GmbH

Research Article

Charge Carrier Doping As Mechanism of Self-Assembled 
Monolayers Functionalized Electrodes in Organic Field 
Effect Transistors

Kalyani Patrikar, Urvashi Bothra, Valipe Ramgopal Rao, and Dinesh Kabra*

DOI: 10.1002/admi.202101377

as Schottky barrier, to carrier injection 
from source electrode to OFET channel. 
Schottky barrier imparts contact resist-
ance (RC) at interface, in series to resist-
ance of the channel. A method to reduce 
RC in OFETs is the deposition of suitable 
self-assembled monolayer (SAM) on con-
tact metal surface.[4,5] SAM of polar thi-
olated organic molecules deposited on 
metal thin films have been found to shift 
the work function of metal surface,[6,7] 
and alter the energy level alignment at 
electrode/OSC interface.[8,9] However, the 
mechanism of RC reduction by SAM is 
not thoroughly understood. Polar SAM 
has been inferred to reduce the energy 
barrier by imposing an opposite dipole at 
the interface, but it has been found that 
polarity of SAM does not directly relate 
to its effect on RC.[10–12] SAM application 
is often accompanied with a positive shift 
in threshold voltage, reason for which is 
not fully clear.[13] Interfacial doping of the 

OSC with excess carriers by SAM functionalized electrode has 
been overlooked as a mechanism.[3,14] SAM treatment offers the 
advantage of modulating interface properties, and hence device 
behavior, by forming SAM of appropriate molecules. Thus, a 
complete understanding of mechanism can enable systematic 
methods to select appropriate SAM for getting required device 
characteristics.

Gold is most often used as electrode material in p-type 
OFETs as its work function (ϕ  ≈  −5.1  eV) is close to highest 
occupied molecular orbital (HOMO) energy level of most 
OSCs.[15] Metals which may be inexpensive but have a low 
work function, such as copper, are considered inefficient for 
hole injection in OFETs, as the difference in Fermi level of 
metal and HOMO level of OSC creates, or appends, Schottky 
barrier. However, significant RC has even been reported at 
Au/OSC interface due to mismatch in vacuum levels across 
interface; in general the final energy level alignment at elec-
trode/OSC interface cannot be predicted solely based on initial 
energy levels.[16,17] Pentacene, a molecular OSC, has enabled 
OFETs with high hole mobility.[18] SAM of PentaFluoro Ben-
zeneThiol (PFBT) and PerFluoro DecaneThiol (PFDT) have 
enabled increased electrode efficiency in OFETs of solution 
processed OSC.[13,19–21] However, limited studies have been 
done to explore their effect on RC of Cu electrodes in OFETs of 
evaporated molecular OSCs.

Coating electrodes with self-assembled monolayer (SAM) of polar molecules 
is known to reduce contact resistance (RC) in organic field effect transistors 
(OFETs). It is shown that the behavior of SAM in OFETs can be explained 
by considering a mechanism of interfacial doping in organic semiconductor 
by electrodes due to charge transfer during interface formation. The 
enhancement is analyzed in performance of pentacene OFETs with 
Cu electrodes, by coating Cu with SAM of pentafluorobenzenethiol or 
perfluorodecanethiol. It is found that application of either SAM leads to an 
increase in work function of Cu surface. However, work function shift due to 
SAM does not correlate with trends in RC and OFET drain current. Further, first 
principle calculations reveal a notable difference in delocalization of frontal 
orbitals with either SAM, an indicator of the difference in ease of charge 
transfer across interface. Based on the mechanism of interfacial doping, a 
semiconductor physics model is developed for estimating interface doping 
and injection barrier, and for predicting the consequent device characteristics. 
It is believed that the model and methodology developed in this study can be 
utilized beyond the SAM and semiconductor system used here.

K. Patrikar, V. R. Rao
Department of Electrical Engineering
Indian Institute of Technology Bombay
Mumbai 400076, India
U. Bothra, D. Kabra
Department of Applied Physics
Indian Institute of Technology Bombay
Mumbai 400076, India
E-mail: dkabra@iitb.ac.in

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202101377.

1. Introduction

Organic field effect transistors (OFETs) are redefining devices 
and applications in domains such as sensors, RF devices, 
and flexible displays.[1,2] However, high operating voltages 
and scaling limitations are some factors preventing OFETs 
from realizing their commercial potential. One reason for 
this is the high contact resistance (RC) encountered in OFETs 
at interface between source or drain electrodes and organic 
semiconductor (OSC) channel.[3] Mismatch in energy levels 
of electrode metal and OSC form an energy barrier, known 
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We show that the behavior of SAM in OFETs can be explained 
by considering interfacial doping of OSC by the functionalized 
electrodes during interface formation, a mechanism that is 
not usually associated with SAM on electrodes. We show that 
functionalizing Cu electrodes with SAM of PFBT or PFDT in 
pentacene OFETs enhances device performance. While deposi-
tion of either SAM increases the work function of Cu electrodes 
to a level deeper than HOMO of pentacene, OFET character-
istics and RC are significantly different for OFETs with either 
SAM. We find that the respective SAM molecules determine 
the delocalization and positions of HOMO at the interface. We 
show that interfacial doping correlates with these observations. 
Based on this mechanism, a model is developed which calcu-
lates OSC/electrode interface properties, and resulting OFET 
characteristics.

2. Results

2.1. Effect of SAM on Cu Surface and in OFETs

2.1.1. SAM/Cu Interface

Molecular structures of aromatic compound PFBT and alkane 
PFDT are shown in Figure 1a. Both molecules contain electron-
egative F, and a thiol group which forms a weak covalent bond 
with the Cu surface. Molecules of PFBT and PFDT are depos-
ited in form of a SAM on Cu surface by dip coating. The forma-
tion of SAM on Cu surface, as well as absence of PFBT and 
PFDT on dielectric SiO2 surface, is confirmed by X-ray photo-
electron spectroscopy studies as shown in Figure S1 in the Sup-
porting Information.

Work function (ϕ) of unmodified Cu as well as SAM/Cu sur-
face, on the device stack shown in Figure 1a prior to pentacene 

deposition, was measured by kelvin probe microscopy (KPM). 
The difference between the work function of the scanning 
tip (ϕtip  =  −4.9  eV) and that of sample (ϕsample) translates to 
the measured contact potential difference (VCPD), expressed 
in Equation (1)[23]

V
q

ϕ ϕ
=

−
CPD

sample tip 	 (1)

q is the electronic charge. Average VCPD measured from several 
scans over regions of 1 µm2 area for Cu surface is found to be 
0.08  V, and hence its work function ϕCu  =  −4.82  eV. VCPD for 
PFBT/Cu is found to be −0.42 V, thus ϕPFBT/Cu = −5.32 eV. VCPD 
for PFDT/Cu is higher in magnitude at −0.64  V, and accord-
ingly ϕPFDT/Cu  =  −5.54  eV. For either SAM/Cu, the work func-
tion is higher than HOMO level of pentacene. The values of 
work function are summarized in Table 1, these match values 
reported previously.[24]

2.1.2. OFET Characteristics

OFETs with PFBT/Cu, PFDT/Cu, or unmodified Cu electrodes 
were fabricated as per the schematic in Figure 1a. Transfer char-
acteristics (ID−VG) for all devices is shown in Figure  1b. The 

Figure 1.  a) Schematic of OFET with SAM functionalized source and drain electrodes, with molecules[22] of PFBT and PFDT used for SAM. b) ID−VG 
of OFETs with electrodes as unmodified Cu, PFBT/Cu, and PFDT/Cu. Total resistance of OFETs of varying channel lengths with electrodes as c) PFBT/
Cu and d) PFDT/Cu, to extract RC from y-intercept.

Table 1.  Work function and OFET properties of SAM/Cu and unmodified 
Cu electrodes.

Electrode ϕ [eV] μFET [cm2 V−1 s−1] VT [V]

Cu −4.82 ± 0.004 0.04 ± 0.010 −14.5 ± 1.5

PFDT/Cu −5.54 ± 0.014 0.14 ± 0.03 0.6 ± 0.1

PFBT/Cu −5.32 ± 0.008 0.38 ± 0.020 18.5 ± 0.4
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values of drain current (ID) attained by devices with PFBT/Cu or 
PFDT/Cu electrodes exceed ID of devices with unmodified Cu, 
with ID of devices with PFBT/Cu being higher than of OFETs 
with PFDT/Cu. Threshold voltage (VT) is obtained from onset 
of current in ID−VG curves, as the value of VG at which tran-
sistor begins to turn on. VT of devices with PFBT/Cu (18.5 V) 
is significantly higher (positive) compared to PFDT/Cu (0.6 V), 
and with respect to OFETs with unmodified Cu. (−14.5 V). Satu-
ration mobility (μFET) for all OFETs is extracted from linear fits 
of √ID−VG plots, based on Equation (2)[25]

µ =






2 d
d

FET
i

D

G

2
L

C W

I

V
	 (2)

Here W is the channel width, Ci the dielectric capacitance is 
1 nF cm−2. μFET for devices with PFBT/Cu (0.38 cm2 V−1 s−1) and 
that of PFDT/Cu (0.14 cm2 V−1 s−1), both are higher than that 
of OFET with unmodified Cu (0.04 cm2 V−1 s−1). OFET param-
eters are given in Table 1. Shift in VT and increase in μFET are 
expected as per previously observed for devices with these SAM 
on Cu and Au electrodes.[24,26]

2.1.3. Contact Resistance

To isolate the influence of SAM functionalized electrodes on 
device characteristics, we obtained the contact resistance of 
OFETs with SAM/Cu by transfer length method (TLM).[27] The 
total resistance (Rtotal) of devices is obtained from ID−VD at low 
values of VD for OFETs having different channel lengths (L). 
Rtotal is a sum of the channel resistance (RCh) which is a func-
tion of L, and total RC which is independent of L, as given in 
Equation (3)[27]

µ
= + = +2 2TToottaall CChh CC

CChh FFEETT
CCR W R W R W

L

qn
R W 	 (3)

Here nch the charge carrier density in channel. In the Rtotal 
versus L plots, the y-intercept (L  = 0) represents the combined 
resistance at interface with source and drain. Width normalized 
RtotalW for OFETs with different channel lengths for VG = −5 V, 
are shown in Figure 1c,d for OFETs with PFBT/Cu and PFDT/Cu. 
Using the linear fit of RtotalW versus L, according to Equation (3), 
find that value of RCW for devices with PFBT/Cu RCW(PFBT/

Cu) = 1.7 × 104 Ω cm, while RCW of OFETs with PFDT/Cu is higher 
at RCW(PFDT/Cu)  = 8.6 × 105  Ω cm. Both SAM/Cu act as Ohmic 
electrodes, as RC is significantly lower than RCh for all devices. 
Values of RC, found to be in the order of those previously reported 
for similar device configuration with Au electrodes,[26] are sum-
marized in Table 2, along with RCh for OFETs with L = 100 µm.

2.2. Ab Initio Calculations on Pentacene/SAM/Cu Interface

To study the effect of PFBT and PFDT on molecular interactions at 
the interface, first principle calculations were performed on a sec-
tion of Pentacene/SAM/Cu interface by employing Density Func-
tional Theory (DFT). SAM/Cu surface was represented by PFBT or 
PFDT molecule bonded to a single layer of Cu atoms. Pentacene 
molecule from the first monolayer deposited on SAM/Cu surface 
was added to the simulated stack. The optimization of positions 
and orientations of components of the stack are detailed in Sec-
tion S2 (Supporting Information), with the stages of calculations 
shown in Figures S2 and S3 in the Supporting Information.

Figure  2a shows the position of HOMO for Pentacene/
PFBT/Cu system. The HOMO is highly delocalized; extending 
over pentacene molecule and Cu atoms of thin film, along 
with C atoms of PFBT molecule. The delocalization of HOMO 
facilitates hole transfer across the interface. Figure  2b shows 
the location of HOMO for Pentacene/PFDT/Cu system, with 
HOMO localized specifically over pentacene molecule. Unlike 
PFBT molecule, mediation by PFDT molecule does not lead to 
delocalization of HOMO throughout the interface, and does not 
favor hole transfer to as great an extent.

3. Discussion

Values of ID for OFETs with PFBT/Cu is higher than for OFETs 
with PFDT/Cu, in spite of values of μFET being close. Also, value 
of RC is lower for OEFTs with PFBT/Cu than for OFETs with 
PFDT/Cu. This is contradictory to the trends in ϕ, where PFDT/
Cu attain higher values than PFBT/Cu. This indicates that the 
work function tuning of copper surface does not explain com-
pletely the mechanism of electrode functionalization by a polar 
SAM. SAM is known to have an effect on the morphology of 
OSC deposited on it.[28] However, as explained in Section S3 in 
the Supporting Information, we observe no significant differ-
ence in long range ordering of pentacene in devices with either 
SAM as per the X-ray diffraction spectra shown in Figure S4 
(Supporting Information) and atomic force microscope (AFM) 
analysis in Figure S5 in the Supporting Information. The posi-
tions of frontal molecular orbitals at interface, as obtained from 
first principle calculations, reveal the ease of acquisition of 
excess holes by pentacene at Pentacene/PFBT/Cu interface, as 
compared to Pentacene/PFDT/Cu, correlating with observed ID 
and RC. We proceed to analyze the mechanism of SAM func-
tionalized electrodes and their influence on device behavior.

3.1. Mechanism of SAM Functionalized Electrodes in OFETs

A lower VT and higher RC of OFETs with PFDT/Cu electrodes 
indicates a high Schottky barrier at Pentacene/PFDT/Cu inter-
face,[29] while a lower RCh in OFETs with PFBT/Cu electrodes and 
higher ID at VG = 0 V suggests a low Schottky barrier at Penta-
cene/PFBT/Cu interface.[29] OFETs with either SAM have a posi-
tive VT, which we consider to indicate presence of excess holes 
in pentacene at equilibrium.[30] As the channel and dielectric 
are identical for devices with either SAM, we surmise that the 
excess hole density is due to SAM at the interface. These excess 

Table 2.  The calculated values of φ0 and n correlate well with RCW and 
RChW for L = 100 µm, in OFETs with SAM/Cu electrodes.

Electrode RCW [Ω cm] RChW [Ω cm] φ0 [eV] n(0) [cm−3]

PFBT/Cu 1.7 × 104 1.1 × 106 0.021 1.22 × 1021

PFDT/Cu 8.6 × 105 1.8 × 107 0.198 1.40 × 1018
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accumulated holes get depleted upon applying Gate voltage  
VG  = VT. Depletion results from an equal and opposite charge 
imposed on the dielectric surface by VT, magnitude of which 
is CiVT cm−2.[31,32] Considering the hole density in pentacene at 
equilibrium to be n at distance x from the interface, its magnitude 
can be obtained based on value of VT as given by Equation (4)

2 d
0

/2

i Tqt n x x C V L
L

∫ ( ) = 	 (4)

Here t is the thickness of the pentacene film.

Excess holes in OSC is a consequence of the phenomenon 
related to energy level alignment of SAM/Cu and pentacene 
during interface formation.[3,15] Fermi level of SAM/Cu is 
higher (negative) than that of pentacene. Thus, at the onset of 
interface formation there is a transfer of electrons from OSC to 
electrode, as illustrated in Figure  3a, leaving behind hole car-
rying pentacene cations with density n, decreasing with x. n is 
accompanied by development of a built in potential (φ(x)) in 
pentacene, which causes bending of HOMO levels. The charge 
transfer is expected to stop when fermi levels of both mate-
rials align, presumably at midgap of pentacene. However, due 

Figure 2.  Locations of HOMO of a) Pentacene/PFBT/Cu system and b) Pentacene/PFDT/Cu system exhibiting the difference in orbital delocalization 
at interface.

Figure 3.  Schematic of a) charge transfer during interface formation and b) equilibrium energy level alignment. c) Built in potential (φ) profile in pen-
tacene at equilibrium up to x = 100 nm from electrode interface, along with Schottky barrier φ0 (φ at x = 0) marked d) the corresponding excess charge 
carrier density (n) profile in pentacene, for OFETs with either SAM/Cu.
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to various phenomenon involved with interaction of electrode 
and OSC, equilibrium is established with pinning of electrode 
Fermi level deeper than the midgap of Pentacene.[3,15] Further, 
a mismatch of respective vacuum levels occurs at interface, 
causing the formation of an interfacial dipole, which consti-
tutes Schottky barrier (φ0). The equilibrium energy levels are 
as shown in Figure  3b, with an energy barrier of height φ0 at 
Pentacene/SAM/Cu interface, and pentacene carrying a built-in 
potential (φ(x)) and an excess accumulated hole density (n(x)).

Combining Poisson’s equation, with boundary conditions at 
the interface, gives the relation between n(x) and φ(x) within 
pentacene at equilibrium, given by Equation (5)[31]

; 0 e , lim
d
d

0
2

2
0

0x

x

q
n x n N

x

q

kT

x

φ
εε

φ( ) ( ) ( )∂
∂

= = 



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Here N the pentacene site density is 3 × 1021 cm−3,[33] k is the 
Boltzmann constant, T is the temperature, ε0 is the permittivity 
of vacuum, and εs the dielectric constant of pentacene is 3.6.[34] 
With given conditions at interface of pentacene and SAM/Cu, 
solution for Equation (5) takes the form given in Equation (6)[31]
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Solving Equations (4) and (6) simultaneously for L = 100 µm  
gives the equilibrium profiles of φ and n in pentacene for 
OFETs with PFBT/Cu and PFDT/Cu, as shown in Figure 3c,d 
for x = 0 to x = 100  nm. φ0 calculated for Pentacene/PFBT/
Cu φ0(PFBT/Cu)  = 0.021  eV is significantly lower than for Pen-
tacene/PFDT/Cu φ0(PFDT/Cu)  = 0.198  eV. PFDT functionalized 
electrodes forms an interface with a larger value of φ0, as has 
been previously observed with PFDT/Au.[35] In case of either 
SAM, φ0 is lower than that reported for unmodified Cu elec-
trodes.[17] Values of charge carrier density in pentacene at 
interface for PFBT/Cu nPFBT/Cu(0) = 1.22 × 1021 cm−3, is mark-
edly higher than for PFDT/Cu nPFDT/Cu(0) = 1.40 × 1018  cm−3. 
Charge carrier density averaged over L for PFBT/Cu OFETs 
is ñPFBT/Cu  = 2.27 × 1016  cm−3 and for PFDT/Cu OFETs is  
ñPFDT/Cu  = 7.48 × 1014  cm−3. Interface properties are summa-
rized in Table 2, values of ñ for OFETs for varied L are given 
in Table S1 in the Supporting Information. The calculated 
values of n of respective SAM/Cu correlate well with trends 
observed in ID, RCh, and RC. Values of ñ are also consistent 
with the observed values of μFET.[36] Larger orbital delocaliza-
tion at Pentacene/PFBT/Cu interface as compared to Penta-
cene/PFDT/Cu interface (Section 2.2.) explains the difference 
in φ0 and n for devices with either SAM.

3.2. Device Characteristics of SAM Functionalized Electrodes

Based on the values of n obtained from above analysis, linear 
regime of output characteristics are derived by applying the 

gradual channel approximation,[37] and including the excess car-
riers due to interfacial doping, as given in Equation (7)

2
D D i G

D
DI qnt

W

L
V C V

V W

L
V� µ µ= + −



 	 (7)

In case of PFBT/Cu devices, the high density of excess car-
riers causes the voltage drop across channel to change in pro-
portion to the charges depleted by the effect of VD. Rather than 
transition to an abrupt pinch-off, the charge carrier density and 
effective drain voltage decrease gradually until saturation is 
attained. This effective VD acting across the channel is repre-
sented as the parameter channel voltage (VCh), given by

�
�

= −
V
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V

/ 2
Ch

i D
D 	 (8)

ID here is expressed in Equation (9).

D Ch i G Ch ChI qnt
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L
C V V V� µ µ ( )= + − 	 (9)

When the value of VD achieves complete depletion of carriers 
at drain, the OFET achieves condition of saturation, beyond 
which ID is nearly independent of VD, as per Equation (10).

�µ λ( ) ( )= + +I
W

L
C V qnt C V

2
/ 1D i G i

2

D 	 (10)

Where λ is an empirical parameter.[38] For VG varying from 
0 to −10 V, the ID−VD are estimated by Equations (7) and (9) or 
(10) depending on the regime of operation and values of ñ. As 
shown in Figure 4a,b, these estimated ID−VD for PFBT/Cu and 
PFDT/Cu match experimental values well. Fits for devices with 
varied L are shown in Figure S6 in the Supporting Information. 
As the estimated ID−VD depend on values of ñ obtained as per 
model discussed in Section 3.1., the close match between esti-
mated and experimental values asserts the importance of inter-
facial doping in influencing device behavior for OFETs with 
SAM functionalized electrodes.

4. Conclusion

Functionalization of Cu electrodes with SAM of PFBT or PFDT 
enhances performance of pentacene OFETs. Work function 
of Cu surface was found to increase from −4.82  eV, to higher 
values with ϕPFDT/Cu = −5.54 eV and ϕPFBT/Cu = −5.32 eV. In con-
trast to these trends, contact resistance of OFETs at VG = −5 V 
with PFBT/Cu RCW(PFBT/Cu) = 1.71 × 104 Ω cm is lower than with 
PFDT/Cu RCW(PFDT/Cu) = 8.56 × 105 Ω cm. We show that char-
acteristics of OFETs can be explained considering the interface 
doping by SAM/Cu due to charge transfer during interface 
formation. Magnitude of charge transfer is calculated based 
on VT, and according to solution of Poisson’s equation for Pen-
tacene/SAM/Cu interface. Interface hole density at equilib-
rium in OFETs with PFBT/Cu n(0)PFBT/Cu = 1.22 × 1021 cm−3 is 
higher than with PFDT/Cu n(0)PFDT/Cu = 2.49 × 1018 cm−3. The 
Schottky barrier in OFETs with PFBT/Cu φ0(PFBT/Cu) = 0.021 eV 
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is lower than with PFDT/Cu φ0(PFDT/Cu)  = 0.198  eV. Applying 
DFT based calculations, we find that the HOMO orbitals of the 
Pentacene/PFBT/Cu system is highly delocalized as compared 
to HOMO of Pentacene/PFDT/Cu system, which facilitates a 
larger hole transfer to pentacene from electrodes with PFBT/
Cu, found to be consistent with our calculations. Further, we 
find ID−VD estimated using the values of n obtained to corre-
late well with the experimental device characteristics. Thus, we 
establish a method to predict the interface properties of SAM 
functionalized electrodes, along with interface doping, based 
on OFET transfer characteristics. We show that the effect of 
SAM on orbital position at interface has a significant influence 
on resulting device characteristics. Our results and analysis 
shift the usual paradigm on mechanism of SAM functionalized 
in OFETs, stressing on the contribution of equilibrium charge 
transfer rather than work function tuning, or solely energy level 
alignment, in enhancing device performance. This will enable 
better design and selection of SAM molecules for electrode 
interlayers.

5. Experimental Section
Device Fabrication: OFETs were prepared on (100) p-type low resistivity 

Si substrates which acted as Gate. A 200 nm oxide dielectric layer was 
grown on Si by thermal oxidation. 3nm Cr as adhesion layer, followed by 
40nm  Cu films, were deposited by thermal evaporation in an MBraun 
nitrogen glove box using Cr powder and Cu shavings respectively, 
through stencils having patterns of channel width 5mm  and varied 
channel lengths. Compounds 2,3,4,5,6-Pentafluorothiophenol (C6F5SH) 
for PFBT SAM and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluoro-
1-decanethiol (C10F17H5S) for PFDT SAM, were obtained from Sigma 
Aldrich. Samples were immediately transferred from Glove Box after 
thermal evaporation of metals, and immersed in 0.5 × 10−3 m solutions 
of PFBT or PFDT in ethanol for 90 min, followed by ultrasonication 
rinsing in ethanol and then isopropyl alcohol. 50nm  pentacene was 
deposited by thermal evaporation at a vacuum of 3 × 10−6 mbar, using 
Pentacene (C22H14) powder obtained from Sigma Aldrich.

Material and Electrical Characterization: X-ray photoelectron 
spectroscopy was carried out on Axis Supra surface analytical 
facility, with a 1486.6  eV monochromatic X-ray source. Kelvin Probe 
Microscopy was carried out on MFP3D Origin AFM, with Ti–Ir coated 
tip. Electrical measurements on OFETs were performed using Keithley 
4200 SCS system with Semi-probe station inside nitrogen glovebox. 
X-ray Diffraction was carried out on a Rigaku High Resolution X Ray 
Diffractometer with Cu Kα1 optics.

Computation Methods: Initial optimization was done using Quantum 
Espresso,[39,40] with plane wave basis set and PAW–PBE exchange–
correlation functional.[41–43] Convergence was set to 10−8  eV. All the 

calculations were performed using a single k-point in Brillouin zone 
(BZ), at the Γ-point. DFT based calculations for optimization of position 
of pentacene and calculation of molecular orbitals, were carried out 
using Gaussian09 with B3LYP level of theory, using 6–31G basis set.[44–47] 
Convergence was set to 10−8 eV.
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