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ABSTRACT
Interlayers at electrode interfaces have been shown to reduce contact resistance in organic devices. However, there still needs to be more
clarity regarding the role of microscopic properties of interlayer functionalized interfaces on device behavior. Here, we show that the impact
of functionalized electrodes on device characteristics can be predicted by a few critical computationally derived parameters representing the
interface charge distribution and orbital interactions. The significant influences of interfacial orbital interactions and charge distribution over
device and interface properties are exhibited. Accordingly, a function is developed based on these parameters that capture their effect on the
interface resistance. A strong correlation is observed, such that enhanced orbital interactions and reduced charge separation at the interface
correspond to low resistance regardless of the individual molecules utilized as the interlayer. The charge distribution and orbital interactions
vary with the molecular structure of the interlayer, allowing the tuning of device characteristics. Hence, the proposed function serves as a
guideline for molecular design and selection for interlayers in organic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0170627

Devices based on organic semiconductors (OSCs) have enabled
several novel applications, such as flexible displays or wearable
sensors.1,2 Several n-type OSCs, such as Polyera ActivInk (N1400) or
P(NDI2OD-T2) (N2200), have enabled high performance electron-
transporting organic devices.3,4 However, the device current remains
limited due to the resistance at the hetero-interface of injecting elec-
trodes and OSC, known as contact resistance (RC).5,6 RC acts in
series with the resistance of the OSC layer and hence increases the
total resistance of the device. RC is reported to originate due to phe-
nomena such as pillow effects, defect generation, and the induction
of gap states, which accompany the energy level alignment process
during interface formation.7 These lead to the formation of an inter-
face dipole that hinders electron injection from the electrode to the
OSC.8 As a remedy, interlayers are inserted at the interface of OSC
and electrode, such as organic dopants or a self-assembled mono-
layer (SAM), in devices including organic field effect transistors
(OFETs), organic photovoltaics (OPVs) or organic light-emitting
diodes (OLEDs).9–11 Organic interlayers have been demonstrated
to effectively reduce the injection barrier and form ohmic con-
tact where the interlayer helps to decouple the OSC and electrode

electrostatically.12 It was shown that the presence of an interlayer
diminishes the effect of the attractive image potential at the inter-
face and eliminates the broadening of the density of states present at
the OSC-electrode interface while restoring Fermi-level alignment.
Polar interlayers such as SAM of polar organic molecules have been
revealed to reduce the energy difference between the work function
of the electrode (φ) and electron affinity (EA) of the OSC.13 This
reduces the energy barrier to electron injection from the electrode
to the OSC and consequently reduces the contact resistance.14,15

While studies have shown the effects of interlayers on energy level
alignment and device properties, the role of interactions among the
components of the contact interface has generally not been incor-
porated. Interestingly, it has been observed that the dipole moment
of SAM does not directly determine the contact resistance of the
device.16–18 On the other hand, it has been established recently that
orbital interactions at the electrode-OSC interface have a marked
effect on the contact resistance and device characteristics, the con-
tribution of which has generally not been considered significant.19

Orbital interaction at the interface affects the charge transfer rate,
possibly creating gap states and altering energy level alignment.20,21
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In the past, first principle-driven molecular models have been devel-
oped to describe the effects of factors such as polarity on shifting
the work function of electrodes, interactions between inorganic and
organic components at the interface,22,23 and length and orientation
of interlayer molecules on resistance.24,25 However, to the best of
our knowledge, the ambiguity regarding the relative role of polar-
ity and orbital interactions in reducing RC remains unresolved,
and no computational models are predicting their combined effect
on RC.

This study aims to develop a model to predict the effect of inter-
layer functionalized electrodes (IFEs) on organic devices’ interface
properties and contact resistance. Previous models based on first
principles computations of SAM as an interlayer in organic devices
have attempted to study their characteristics by simulating a layer
of molecules attached to the electrode slab.26 We show that the sim-
ulation of molecular parameters includes sufficient information to
evaluate the efficiency of an interlayer in reducing RC, thereby less-
ening the overall computational cost. We consider injection based
on a hopping transport mechanism between the organic IFE and
OSC. We seek to quantify the physical phenomenon associated with
electron transfer at the interface. For this, parameters representing
interface polarity and orbital interactions were defined, and their
effect on interface and device properties was analyzed. We show
that the charge distribution at the interface and the charge transfer
integral of orbitals significantly influence interface and device behav-
ior. Parameters were computed within a first principle framework,
and the obtained results were validated against experimentally mea-
sured contact resistances of organic transistors and work functions
of electrodes functionalized with SAM interlayers. Subsequently, a
function was derived that could predict the effect of IFE on device
characteristics and interface properties based on parameters com-
puted for the particular interface, i.e., charge distribution and charge
transfer integral. Experimental studies performed by Boudinet et al.
on a variety of IFEs in the form of self-assembled monolayers
deposited on Au electrodes in devices of n-type semiconductors
were used to validate the model.27 In their study, various device
parameters are compared for SAM-functionalized electrodes com-
prising molecules that are aliphatic, aromatic, and with different
substituent groups (see Fig. 1).27 Contact resistance (RC) was mea-
sured by the transmission line method (TLM), which isolates the
electrical resistance at the contact interface from bulk OSC.28 There-
fore, the values of RC are the resistance to charge injection at the
interface. The correlation of the function with these device measure-
ments is demonstrated, asserting the combined effect of polarity and
orbital interaction in determining contact resistance and a method-
ology for rapid evaluation of the efficiency of interlayer-modified
contacts.

Density functional theory (DFT) based first principle compu-
tations were performed for the interface of IFE containing varying
SAM interlayers and OSC. A slice of the contact interface compris-
ing IFE and semiconductor was simulated. The IFE comprised an
Au layer bonded to aliphatic or aromatic thiol molecules (Fig. 1).
The position of the N1400 molecule (Fig. 1) next to IFE was opti-
mized according to distance and angular criteria. The stack was set
up with only a single molecule each from the SAM and OSC layers.
Simulating such a stack aims to study the intermolecular interactions
at the interface from first principles and understand their effect on
device behavior. Parameters computed from this stack are valid for

FIG. 1. Schematic of aromatic and aliphatic molecules forming self-assembled
monolayers on gold (Au) contacts to form IFE, labeled according to the functional
groups, along with the schematic of OSC N1400 constituting the OFET channel.

any position along the interface. Further, this approach minimizes
computational costs and allows rapid screening of candidate SAM
molecules.

We observe that the characteristics of interface orbitals vary
for different interface stacks. Figure 2 shows the lowest unoccupied
molecular orbitals (LUMO) generated via DFT calculations for the
stacks with MeTP and PFDT interlayer SAM. It is apparent that
the LUMO is highly delocalized over the MeTP-stack compared to
the PFDT-stack. As the LUMO participates directly in the electron

FIG. 2. LUMO generated via DFT simulations of interface stacks for IFE with (a)
PFDT and (b) MeTP, displaying the marked difference in orbital delocalization for
interfaces with different IFE, which correlates with the difference in RC.
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transfer across the interface, the extent of its delocalization indicates
enhanced electron transfer from Au-MeTP to N1400 as compared
to Au-PFDT to N1400. Accordingly, MeTP-stack and PFDT-stack
correspond to the lowest and highest values of RC, respectively,
measured for N1400 transistors as given in Ref. 27.

During device operation, an electron hops from the IFE and
gets localized over the LUMO of N1400. The correlation between
frontier orbital interactions at the contact interface and the result-
ing contact resistance can be quantified based on the charge transfer
rate between IFE and OSC.29 As the electron transferred from IFE
is localized on OSC, the rate of electron transfer can be estimated
by the Marcus equation as given in Eq. (1). The Marcus equa-
tion can be considered a reasonable estimate of electron transfer
to organic molecules, as the rigid nature of the components of the
interface allows the nonadiabatic effects and vibronic coupling to be
neglected.30 The rate of electron hopping (kij) between electronic
sites i and j is given by Marcus equation as per Eq. (1),31

kij = J2
i j�h
� π

λkT
exp� −λ

4kT
�. (1)

Here, λ is the reorganization energy, a measure of the physical rear-
rangement undergone by the system during electron transfer. IFE is
a rigid system, while N1400 is expected to undergo rearrangement as
it acquires the transferred electron. Hence, the properties of N1400
dominate λ, and here, they are assumed to be constant for all stacks.
Jij is the charge transfer integral between states i and j, thus measur-
ing the feasibility of charge transfer between the site orbitals. Jij was
calculated for all stacks as per Eq. (2),32

J = � ψiHψjdr3. (2)

Here, ψi and ψj are the LUMO of IFE and OSC, respectively. The
value of J (replacing Jij for simplicity in the future discussion) for
the MeTP-stack is 1.21 × 10−2 eV, while J is 2.40 × 10−5 eV for the
PFDT-stack. The values of J for all stacks are summarized in Table
S1. Figure 3(a) shows the correlation between J for all IFE-OSC
systems and the measured RC for N1400 transistors in Ref. 27. An
increase in the J of the stack evidently reduces the device’s RC. How-
ever, some exception interfaces with higher values of J do not lead
to lower RC. This anomaly is because, while J is related to the rate of
electron transfer at the interface, it contains no information on the
number of electrons or charges transferred.

The interface’s polarity is understood to influence RC sub-
stantially.6 The presence of SAM modulates the interface dipole,
depending on the functional groups attached to the SAM molecule
and the interactions between IFE and OSC at the interface. Attach-
ment of SAM leads to a shift in φ of the electrode and consequently
affects the energy level alignment during interface formation, which
determines the interface dipole.16 The computation of interface
dipoles by first principle methods is challenging as it requires sep-
arating IFE and OSC components within the stack. However, partial
charges on IFE and OSC can be obtained from DFT-based computa-
tions, representing the charge separation between these components
and, consequently, the dipole at the interface. The partial charge on
OSC (Q) for all stacks was computed via DFT. The magnitude of
Q depends on φ of the IFE. Figure 3(b) shows the correlation
between measured φ for all IFEs as given in Ref. 27 and Q obtained

FIG. 3. (a) Correlation between measured contact resistance RC
27 and computed

charge transfer integral J. (b) Work functions (φ) of IFEs27 correlated against the
net charge accumulation, Q.

by DFT computations for the corresponding stack. As evident from
Fig. 3(b), Q estimates the effect of φ of the electrode on equilib-
rium conditions at the IFE-OSC interface. φ of IFE with MeTP is−4.18 eV, while φ is −5.44 eV for IFE with PFDT. Corresponding
to this, Q for MeTP-stack is 3.52 × 10−3e, while it is 3.86 × 10−2e for
PFDT-stack. The values of Q for all stacks are summarized in Table
S1. Essentially, an IFE with a low value of φ favors electron injec-
tion and corresponds to a low magnitude of charge separation at the
interface. The low magnitude of Q, and hence a low interface dipole,
reduces hindrance to an injecting electron.

It is apparent that both the parameters J and Q influence the
resistance at the IFE-OSC interface, as these determine the feasi-
bility of charge transfer and measure the effect of electrode work
function. However, neither of them is sufficient to predict the RC of
the organic device independently. Therefore, a model capable of pre-
dicting the RC of devices with IFE must combine the effects of both
Q and J, encompassing the effects of orbital interactions as well as the
work function of IFE. While forming the function, J is represented
in the form of a log to obtain values numerically comparable to those
of Q and magnify the differences in their values among all IFE-OSC
combinations. A high value of J leads to low RC; as the numerical
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FIG. 4. Function combining computed quantities Q and J predicting the measured
RC of the device.27 Fit is displayed as a guide.

value of J is always less than one, a low value of log(J) leads to low
RC. Similarly, a minimum value of Q leads to a low RC. Hence, a
product of these two quantities leads to a function ( f ) as given in
Eq. (3) that needs to be minimized for a functionalized interface to
obtain a low RC in the device,

f = Q × log (J). (3)

Figure 4 shows the plot of f with the devices’ experimentally mea-
sured RC.27 As can be seen, a high magnitude of f corresponds to a
high RC, with a quadratic fit displayed as a guide. The closeness of
the fit indicates that f can be employed to assess a particular stack
for resulting device behavior.

The significance of f can be explained by considering devices
with MeSTP and MeTP stacks. For the interface of MeSTP-Au and
OSC, the value of J (2.60 × 10−2 eV) is higher than the interface
of MeTP-Au and OSC (7.08 × 10−3 eV), indicating better electron
injection in the device with MeSTP. Contrasting this, the value of
Q is higher for the MeSTP-stack with 6.56 × 10−3e compared to the
MeTP-stack with 3.52 × 10−3e. As a result, the magnitude of f and,
accordingly, the value of RC become larger in the MeSTP-stack than
the MeTP. This trade-off between J and Q is evident from Fig. 4,
which depicts the combined effects of Q and log(J) that predict
a lower RC for devices with a MeTP-stack than that for a MeSTP
stack. Analogously, the Q of the PFDT-stack (3.86 × 10−2e) is lower
than that of the PFOT-stack (4.92 × 10−2e), indicating the feasibil-
ity of electron transfer is greater at the interface with the PFDT
stack. However, J for the PFOT-stack (1.41 × 10−3 eV) is signifi-
cantly higher than that for PFDT, which is 2.40 × 10−5. Overall, this
leads to the value of f for the PFOT-stack having a lower magnitude
than that of PFDT. Correspondingly, the RC for the device with the
PFOT-stack is lower than the PFDT-stack. Therefore, we demon-
strate that f provides an effective combination of Q and J, which
correlates strongly to the device RC. The high correlation demon-
strates that representing the orbital interactions and the charge
separation at the interface comprehensively captures the role of an
interlayer in modifying interface conditions at device contacts.

Furthermore, the role of parameters Q and J, particularly the
functional form of f , is explored for their influence on the interface

conditions in the device. The process of energy level alignment dur-
ing interface formation is accompanied by charge transfer across the
interface. According to Poisson’s equation, the equilibrium charge
carrier density at interface n(0) can be estimated based on the inter-
face energy barrier ϕ0. ϕ0 has been reported to depend on φ of
IFE and electron affinity (EA) for OSC.12 Based on electronic struc-
ture calculations, the EA of N1400 was found to be 3.67 eV. The
form Poisson’s equation takes for the conditions at the interface at
equilibrium is given in the following equation:33

@2ϕ(x)
@x2 = qn(x)

εε0
, (4)

lim
x→∞

@ϕ(x)
@x

= 0, n(0) = N exp
−qϕ(0)

kT
.

Here, ϕ(x) is the potential and n(x) is the charge carrier den-
sity at position x away from the interface in the semiconductor.
Accordingly, ϕ(0) at x = 0 at the interface refers to the potential bar-
rier to charge injection. The potential barrier can be evaluated as
(φ − EA) with an additional pinning barrier, which has been
reported to be estimated at 0.3 eV, adding to the injection barrier.34

Applying this approximation, ϕ(0)was calculated for each IFE-OSC
interface based on the measured φ for IFE reported in Ref. 27. The
dielectric constant was assumed to be 3.5 for the OSC. Subsequently,
Eq. (4) yielded n(0) for these interfaces. Figure 5 displays n(0) for
the IFE-OSC interface plotted against f .

As seen from Fig. 5, a clear trend is visible, with the magni-
tude of charge carrier density being nearly linear with the value of
f . A low value of f corresponds to an interface with a high n(0),
and hence an interface capable of transferring a larger magnitude
of charge, and therefore an interface with a lower RC. This asserts
that the contribution of interlayer molecules in determining the
interface conditions can be predicted based on the combination of
Q and J as contained in f . n(0) is related to RC such that an interface
having a lower resistance is capable of transferring a larger magni-
tude of charge. On the other hand, the parameters J and Q represent
microscopic elements of the interface that determine its resistance
and, therefore, correlate with n(0). As a result, f , which combines
J and Q, can predict not just RC but n(0) as well by including the

FIG. 5. Dependence of the charge carrier density on the model function f . The
dotted line represents a guide to the eyes.
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parameters most relevant to charge injection at the interface. Simi-
larly, we note that the interlayer’s effect in determining the device’s
electron mobility can also be predicted based on the value of f ,
as exhibited in Fig. S1 of SI. These observations assert the role of
Q and J, particularly the form taken by f , in predicting the effect of
an IFE on device behavior.

To summarize, we show that a combination of interface charge
distribution and orbital interactions at the interface determine the
RC of devices with IFE. These effects are captured by computation-
ally derived parameters Q and J. We show that parameters derived
from computations performed on a stack comprising a molecule
each from the OSC and SAM interlayers correlate strongly with
device characteristics, as validated with measured φ on IFE and
device RC. Q represents the influence of φ of IFE and interface polar-
ity. At the same time, J quantifies interfacial orbital interactions,
which affect the feasibility of charge transfer from the IFE to the
semiconductor. These are combined into a function f to obtain a
combination of the parameters that predict the effect of interlayer
at the interface and, consequently, the device’s performance. f cor-
relates strongly with the experimentally measured values of RC; it is
found that a minimum of RC is achieved for interfaces leading to
lower values of f . We find that while f is obtained by computations
of only a minimalistic stack of the device containing a part of the sur-
face of the metal and a single molecule, each of interlayer and OSC,
respectively, it is capable of predicting device behavior. Therefore,
the approach presented significantly reduces the tedium of experi-
mental testing for selecting an interlayer for a given organic device
and acts as a guideline for efficient molecular design. We effectively
establish a strategy to predict the performance of an IFE in organic
devices solely based on the computation of the electrode surface, an
interlayer molecule, and a semiconductor molecule. f can be treated
as a universal guideline for selecting an IFE-semiconductor system
to obtain the required device characteristics.

SUPPLEMENTARY MATERIAL

The supplementary material contains details of computational
methods, a table of computed values, and a figure displaying the
relation between the function described in Eq. (3) and device
mobility.
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