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Field effect mobility in an organic device is determined by the activation energy. A new physical model
of the activation energy is proposed by virtue of the energy and momentum conservation equations.
The dependencies of the activation energy on the gate voltage and the drain voltage, which were
observed in the experiments in the previous independent literature, can be well explained using the
proposed model. Moreover, the expression in the proposed model, which has clear physical meanings in
all parameters, can have the same mathematical form as the well-known Meyer-Neldel relation, which
lacks of clear physical meanings in some of its parameters since it is a phenomenological model. Thus

it not only describes a physical mechanism but also offers a possibility to design the next generation

of high-performance optoelectronics and integrated flexible circuits by optimizing device physical
parameter.

In recent years organic semiconductors have gained considerable interest in order to develop low-cost and
large-area integrated flexible circuits!-®. Understanding of the fundamental physics of organic semiconductor
devices such as light-emitting diodes (OLEDs), field-effect transistors (OFETs) and solar cells, accurate modeling
of charge transport in these devices is prerequisites to optimize their performances and design organic circuits
to realize flexible electronics. Most effort for improving the charge-carrier mobility has been done by optimizing
current materials and developing new materials. But high mobility organic semiconductors may not be always
valuable, for example, in the fabrication of the organic circuits that are applied to low-end devices” [and the refer-
ences therein]. Most of existing organic semiconductors are p-channel materials and only a small fraction of them
are n-channel materials’ [and the references therein].

The field dependent mobility is thermally activated with the activation energy in an organic semiconductor
device. Experiments showed that the carrier mobility depends on the temperature and the gate voltage®!! [and
the references therein]. Thermal activated physical quantities such as the conductance and the mobility in organic
semiconductor devices obey an empirical relation, called as the Meyer-Neldel relation®!! [and the references
therein]. The physical meanings of the parameters in the Meyer-Neldel relation are unclear so far because it is a
phenomenological model and the charge transport mechanisms are not fully understood yet®!!. The activation
energy is a common factor in models® [and the references therein]. Accurate modeling of thermally activated
physical quantities is usually difficult because there exists large variation in the experimental data. One drawback
of the Meyer-Neldel relation is that it is a phenomenological model and some of its parameters lose their under-
lying physics, although its results are consistent with experiments.

The purpose of the present article is to shed some light on the devices physics of electron transport in the
organic transistors by virtue of the energy and momentum conservation equations. In particular, a physical model
relevant to the activation energy in the organic transistors is proposed. Such a physical model can be applied to
describe the experimental relation among thermally activated physical quantities such as the conductance and the
mobility in organic semiconductors. The proposed model illustrates the physical origin of a change in the activa-
tion energy through its simplicity and analytic nature. In addition, a potential method is developed to calculate
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the source-drain current and study the relaxation process using the electrical characteristics. The proposed model
states that the change in the activation energy in an organic semiconductor device is inevitable by choosing or
modulating the energy relaxation time, the momentum relaxation time, the effective electron mass, the doping
density (or defect density) and the surface electric field, so that the organic semiconductor device can be reasona-
bly designed to achieve desirable characteristics. This proposed model is not only beautiful because of its physical
simplicity but also has important practical applications.

Results
Theory. The continuity equation, momentum conservation equation, and energy conservation equation in a
semiconductor device can be written as!'?!®

On
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where 7 is the electron density, 7, is the momentum relaxation time of electrons, 7, is the energy relaxation

time of electrons, v is the electron velocity, T; is the lattice temperature (device temperature), T, is the electron

temperature, m* is the effective mass of electrons, ky is the Boltzmann constant, ke is the thermal conductivity of

electron, and F is the electric field. For a given point in semiconductor devices, i.e., the space distribution of phys-

ical parameters is not considered, only equations (2) and (3) need to be considered and they can be rewritten as
dv_ _aF v

ot m* T, (4)
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Under equilibrium and a constant electric field, equations (4) and (5) can be rewritten as
AT
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where y = ‘%" is the electron mobility. Substituting equation (6) into equation (7) leads to
2
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Such an equation implies that, in a field-effect transistor, a lateral electric field in the channel not only results in a
drift motion of electrons in the channel, but also changes the random thermal motion (the electron energy or
electron temperature). The energy relaxation time can be treated as time and energy independent!*. For
high-energy electrons, the momentum relaxation time is much smaller than the energy relaxation time'>-7.
Under the case of Ti > Ti, equation (8) can be rewritten as

2(gF)*
—TuTe
3kgm*
2g1F?
qu T

3ky )
In general, the mobility in MOSFETSs is dependent on the electric field'®'?, which can be obtained as

T,— T, =

e
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sat F> Fc (10)

where y, is the electron mobility at low field, v, is the saturation drift velocity, F, is the critical field value that is
related to the saturation drift velocity by vy, = y,F., and [ is a fitting parameter. Usually 3 equals to 1 or 2 or the
value between 1 and 2. Substituting equation (10) into equations (8) and (9), one can obtain
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Equations (6-12) imply that the electrons in semiconductor devices acquire excessive energy from the applied
electric field, so that the electron temperature becomes much higher than the lattice temperature.

Activation energy. In organic electronics, the activation energy is defined as the energy difference between
the transport level E, and the Fermi level E; in the organic semiconductor®, or the energy difference between the
trap state and the conduction band edge?!. The activation energy is one factor to influence hopping transport in
organic semiconductors, while other factors are the distance that the carriers have to travel to the adjacent poly-
mer chain and the energy levels of the hopping sites that the carriers have enough energy to hop?%.

According to equations (6-12), the electron temperature is much higher than the device temperature in
organic semiconductors due to the excessive energy acquired by the electrons from the applied electric field.
Equivalently, the effective activation energy by the electrons (i.e., the effective energy difference between the
transport level and the Fermi level) is reduced by the excessive electron energy as follows:

EAeff = (E;L - EF) - %kB(Te - TL)

_ (qm,F) | 2 1
(5, ) - | 2 2
" 2
(B, - ) - M) 20 _L]
2 muoT (13)

when the momentum relaxation time is much smaller than the energy relaxation time, equation (13) can be
simplified as

3
EAeff = (E,u, - EF) - EkB(’IZa - TL)

= (E, — Ep) — ZTT
( i F) (qF) m'e
m*
= (EM - EF) - ‘JMFZTe (14)

substituting equation (10) into equations (13) and (14), one can obtain
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Source-drain current. For the source-drain current, one can use the equation of the current through the

Schottky diode?
%12 E
IDS = S47Tm—3kBqTL2 exp _A_e'ff exp % —1
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where h is Planck constant, S is the area, I, is the current density when the effective activation energy is equal to
E, — Ey, and y, is a function of the activation energy but independent of the applied electric field.

Since the standard MOSFET formalism is still applicable to the organic semiconductor field-effect transistors
(OFETs)?, the source-drain current in OFETs can be written as

Cu W Vs~
Ips = u% (Vas = Vi) Vps — —2
= Ipgon (18)
for the linear regime (|Vgg — V;;,| > Vo)
c, W
Ips = P (Vs = Vi)
= Ipsopt (19)

where C,, is the capacitance of the gate oxide, V};, is the threshold voltage, and W and L are the width and length
of the channel in OFETSs, respectively.

In equations (17-19), I, is independent of mobility. Comparing equation (17) with equations (18) and (19),
if it is assumed that the increase in the current density is caused by the mobility of carriers due to the activation
energy, the mobility can be obtained as

LT,
exp|l —
i onl B ]

M =
1 (@r,P*(2 1
= py exp| ——2—| = — —|g,
kB TL 2m* Tm Te ( 20)
for OFETs, the field dependent mobility using the Meyer-Neldel rule can be obtained as®-1®?* [and references
therein]
£y £y
W= by €Xp|——— + ———
My [ kT, kgTyn (21

where Ty is the Meyer-Neldel temperature, and pyy is the mobility independent of the activation energy and
the applied electric field.
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If it is assumed that the increase in the current density is caused by the mobility of carriers due to the activa-
tion energy, according to®'%* and references therein] and equation (20), and also noting that y is a function of
the activation energy but independent of the applied electric field, one has

Po = Hyn €XP -
kT, (22)
comparing equation (20) with equation (21), one can obtain
_ EaT,
k(T - T (23)
Euy = 7EATL
T,-T, (24)

where piqy is the Meyer-Neldel energy. The Meyer-Neldel relation is a phenomenological model and still a topic
of discussion!!. In this proposed model, the Meyer-Neldel energy has a clear physical meaning, i.e., it character-
izes the difference of the lattice temperature and the electron temperature using the unit of the activation energy.

Surface electric field. The above discussions clearly demonstrate that the effective activation energy
strongly depends on the applied electric filed. In the following, an analytical model is established to describe the
surface electric field along the channel in OFETs.

Noting that the standard MOSFET formalism is still valid to OFETs?, the one dimensional (1D) Poisson
equation along the channel in OFETS can be written as?>26%7

4’V (y) V) = Ves+ Vg + Vg q[ND()’) =N +p0) — n()]
dyz Eortortﬂx/eox Eor (25)

where V(y) is the electrostatic potential along the channel, Vi is the gate-source voltage, Vi is the flat band volt-
age, Vy; is the built-in potential, ¢, is the thickness of the graphene layer, ¢,, is the thickness of the gate oxide, q is
the electron charge, ¢, is the dielectric constant of the organic semiconductor, ¢, is the dielectric constant of the
gate oxide, Np(y) is the donor density, N, (y) is the acceptor concentrations, n(y) is the electron density, and p(y)
is the hole density. In an OFET, if the gate dielectric is organic, its relative dielectric constant is low (k~2-4) and
hence extremely thin layer are need to obtain low voltage operation (for example operate at 4 V using 10 nm
cross-linked polymer and polymer blends), whereas OFET operating below 4 V require high-k dielectric (for
example, the anodized TiO,, the barium titanate nanocomposite, the relaxor ferroelectric polymer)®. The dielec-
tric constant of an organic semiconductor similar to an organic dielectric is also low (k~3-4). For example, for an
OFET, the main parameters is the relative dielectric constant of an organic semiconductor as 3.0, the impurity
concentration of 1 x 10'°cm™3, both the gate voltage and drain voltage vary from 0V to 25V, the effective electron
mass of 114 m, the channel length of 10 um, and the electron mobility of 0.5 cm?/(Vs)*. Note that gV, is the
built-in potential energy difference between the Fermi level of the source and the Fermi level of the channel®. For
E

£ — kT, In N :
organic semiconductor, g¢p, is the barrier height between the source and the channel, N, is the donor doping
density in the organic semiconductor, and #,, is the intrinsic carrier areal concentration of the organic semicon-
ductor. Using the proper boundary conditions to solve equation (25), the electrostatic potential along the channel
can be obtained as

a p-type organic semiconductor, one has gV, = gy, — , where E,, is the band gap of the

(Vps + Vi = Vi) (& — e 4 (Vg = V) (¢ — 07

Viy) =
Y SN _ LA

(26)
where A\ = [z, totor/eors Vio = Vs — Vs — 4INp() — No() + p(») — n(»)1\/e,,, and Vg is the

Oor"or-ox
source-drain voltage. Therefore, the electric field along the channel is given as

dV(}’) _ _(VDS + Vg — Vso) (ey/A + e—y/A) + (VBI - Vso)(e(L_y)//\ + e—(L—y)/)\)

Fiy) = - dy NP e 27)

the above equation illustrates that the electric field along the channel is a function of the drain voltage and the gate
voltage. The maximum channel electric field can be obtained as

F,, = F(0) = C\Vps + C, Vs + C; (28)

where C, = =2 C, = 2= (et and C; is a parameter independence of the applied voltage. If
1= A(eMA — LA > 2 /\(eL/Aief[;/L)\/)A 4 3 p P pPp ge.

L>> ), one has C = _Tze*u A and C,= 22)\ — % ~ — )1\ In the previous studies”, C,, C,, and C; are just fit-

ting parameters. The absolute values of C,/C, from the experimental results have distributed in a wide range such
as 0.02/0.00015~ 133, 0.018/0.00022 == 81.8, 0.004/0.00011 == 33.4, 0.001/0.000087 == 11.5, and 0.03/0.009 = 3.3.
It implies that, for most cases, the source-drain voltage has a stronger effect on the maximum channel electric
field than the gate-source voltage does.

SCIENTIFICREPORTS | 6:24777 | DOI: 10.1038/srep24777 5



www.nature.com/scientificreports/

100

©
o
T

Experimental data:

Linear fit :
60 F Qe
1 le |U 1 N7 1 ﬁ@_
150 200 250 300 350 400
2 2
(Vee) (V)

Figure 1. Activation energy as a function of the square of the gate voltage. The open circles and squares
correspond to the experimental values of the activation energies for single-grain and polycrystalline OFETs,
respectively. Experimental data is from>*.
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Figure 2. Activation energy as a function of the gate voltage and its square. The open circles and squares
correspond to the experimental values of the activation energies in Cg)-based organic FETs for 170 K-77 K and
300K-190K, respectively. Experimental data is from?®.

Roland Schmechel ef al.** deduced the following expression when the absolute value of the source-drain volt-
age is less than or equal to that of the gate-source voltage:

1
V(y) = Vg £ \/VGSZ -2 T

1
AV = 2V V-
[ G 3 DS] DY 29)

thus, the channel electric field is obtained as
1 1
-1 (Vcs - ;VDS) Vs

1 1
dy 2\/Vcs2 =24 (Vcs - EVDS) Vps-y (30)

the average channel electric field is given as

_1

E Vg — | Vied — 2 -
L GS \/GS

av

1
L

1
: [VGS - EVDS] Vps - L]
(31)
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Figure 3. Activation energy as a function of the square of the gate voltage under different source-drain
voltages. Experimental data is from®.
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Figure 4. Activation energy as a function of the source-drain voltage and its square under different gate
voltages. Experimental data is from®.

Relaxation process. If the channel in an OFET is treated as a quantum well, the effective energy relaxation
time including all phonon effects can be written as*!*?

T, 1 1

Ep
T = Toyp—oy| 1 + —————
& 2P 274 q,L ,& —05
\ hw : (32)

where 7, is the scattering time of two-dimensional (2D) electrons in the channel, Ey. is the Fermi level, fiw is the
longitudinal optical phonon energy, 7, is the electron—phonon scattering time constant, g is the phase matching
wave vector, L is the channel width, and T, s the phonon lifetime.

Using perturbation theory, the momentum relaxation time caused by elastic acoustic deformation potential
scatter can be written as®

Tm,uc

4 (2kyT, )
lﬂC

N (33)

wherel, = n21i*pu}/(2m**c2 kyT ) is the carrier mean free path, p is the mass density, u; is the longitudinal
sound velocity, and ¢, is the deformation potential constant.
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Figure 5. Contour of the channel electric field (unit: kv/cm) affected by the gate voltage and the source-
drain voltage.
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Figure 6. Activation energy as a function of the square root of the nature logarithm of the carrier
concentration. The open circles correspond to the experimental values of the activation energy in
diketopyrrolopyrrole-based transistors. Experimental data is from*.

Discussion

According to equation (16), the effective activation energy is (E,, — Ep) — qu F >, for F.>> F, while the effective
activation energy is (E,, — Ep) — qv,F1, for Fc < F. Note that the maximum electric field is linearly dependent
on the source-drain voltage and the source-gate voltage according to equation (28). This implies that the effective
activation energy is linearly dependent on the square of the source-gate (drain) voltage in the regime of the low
electric field, whereas it is linearly dependent on the source-gate (drain) voltage in the saturation region of OFET.

Figure 1 clearly shows that the activation energies for both a single-grain pentacene field-effect transistor
and a polycrystalline pentacene field-effect transistor are linearly dependent on the square of the gate voltage
(Experimental data is from*®). Such a linear relation between the activation energy and the square of the gate
voltage is predicted by equations (16) and (28). Figure 1 illustrates that the proposed model is valid to describe
electron transport in pentacene field-effect transistors.

Figure 2 and its inset depict how the effective activation energy changes with the gate voltage in vacuum evap-
orated Cgy-based organic FETs. This figure clearly shows that the effective activation energy is linearly dependent
on the square of the gate voltage in the regime of low electric field, whereas it is linearly dependent on the gate
voltage in the regime of high electric field since the drift velocity reaches saturation. It can be clearly concluded
from Fig. 2 that E,zoc — F> when Vg5 < 14V and E o< — F when Vs > 14 V. The proposed model predicts that the
effective activation energy is linearly dependent on the square of the source-gate (drain) voltage in the regime of
the low electric field, whereas it is linearly dependent on the source-gate (drain) voltage in the saturation region.
That is, the proposed model agrees well with the experimental data.
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Figure 7. Contour of the change in the activation energy (unit: eV) affected by the momentum relaxation
time and the energy relaxation time. The channel electric field of 20kv/cm and the free electron mass are used
in the calculation.
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Figure 8. Contour of the change in the activation energy (unit: eV) affected by the momentum relaxation
time and the effective electron mass. The channel electric field of 20kv/cm and the energy relaxation time of
1 ps are used in the calculation.

Figure 3 further shows that the activation energy is linearly dependent on the square of the gate voltage in
fullerene C¢y OFETs under different source-drain voltages. According to the above discussion, equations (13-16)
and equation (28), the activation energy is always linearly dependent on the square of the gate voltage if the
mobility keeps constant. It can be concluded from Fig. 3 that the activation energy is linearly dependent on the
square of the gate voltage.

Figure 4 and its inset illustrate how the source-drain voltage affects the activation energy in fullerene OFETs.
According to equation (28), the maximum electric field is linearly dependent on the source-drain voltage.
According to equations (13-16) and equation (28), it can also be concluded that the effective activation energy is
linearly dependent on the square of the source-drain voltage in the regime of low electric field (the case of the
channel field less than the critical field value that implies the electron velocity depends on the electric field),
whereas it is linearly dependent on the source-drain voltage in the regime of high electric field since the drift
velocity reaches saturation (the case of the channel field larger than the critical field value that implies the electron
velocity reach saturation). There are two type relations, one is a quadratic dependent relation at low electric field,
and the other is a linear relation at high electric field (both relations have been given in Equation16). For the lin-
ear relation, according to Eq. 7, the electron can get an energy from an applied electric field, which is

2 2 2 . . e \1 v
- (i - L)Te ~ "7, = L. Considering the definition of mobility, ;1 = = when electron reach satura-
T, T, Tm 14

tion, and the energy is 2“"¢F, and the slope of a linear model is determined by the saturation velocity and the

m e

Vsa
energy relaxation time. Both relations between the activation energy and the source-drain voltage can be clearly
observed in Fig. 4. Now, it is time to shed some light on why there always is a linear dependent relation between
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Figure 9. Contour of the change in the activation energy (unit: eV) affected by the channel electric field and
the effective electron mass. The momentum relaxation time of 100 fs and the energy relaxation time of 1 ps are
used in the calculation.

the activation energy and the square of the gate voltage under different source-drain voltages. Since the parame-
ters, such as oxide thickness, cannot be found in ref. 35, equation (28) cannot be adopted to calculate the channel
electric field. However, the channel length of 35 um and its width of 2 mm have been given, implying that the
channel electric field can be calculated by using equation (31).

Figure 5 shows how the gate voltage and the sour-drain voltage affect the channel electric field. This figure
clearly illustrates that the channel electric field at a given gate voltage rapidly increases with the source-drain
voltage for the case as in ref. 35, whereas it increases little with the gate voltage. Because the gate voltage has little
impact on the channel electric field, the mobility can be seen as a constant. It is the reason why the activation
energy is always linearly dependent on the square of the gate voltage.

Figure 6 depicts how the carrier concentration affects the activation energy. Experimental results show that the
activation energy decreases with increasing carrier concentration in PDPPFC24-TVT thin film transistors®. Its

B L
semiconductor®, where E; and #; are the intrinsic Fermi level and the intrinsic carrier concentratlon respectively.

Thus, Ep = E; — kg T; log n; + kT, log n. According to equation (32), Tof X ———= + Ep- If Ex>> 2hw,
~05

Teff X ﬂ + Ej. Note that ﬂ o ./log n if the reference zero energy is set as E,. — kT log n; = 0. This
means that 7,  .flog n + log n. According to equation (13), the reduction in the activation energy is linearly
dependent on the energy relaxation time. This implies that the effective activation energy decreases with increas-
ing carrier concentration and obeys E, 5 o Jlogn — log n. Figure 6 clearly shows that such a
2-order polynomlal fitting agrees well Wltj:il the experimental data. Similarly, one can obtain
Ejop X —T, —.Jlog N — log Np,. The experimental studies on the impact of the doping concentration on
the electrica properties for an n-type doped material showed that the activation energy decreases with the doping
concentration®. The experimental results further validate the proposed physical model.

The effective carrier mass of the value between 0.9 m, and 1.0 m, have been obtained in the polymer film*,
where my is free electron mass. The effective electron mass m* of monolayer Cg, extracted from experiments was
obtained as 3 m,, whereas the simulation data corresponded to 1 m,*®. The effective electron masses of 0.63 m,,
0.59 m,, and 1.3 m, were obtained for one-dimensional Cg, chain, [2 + 2] C¢, polymer and face center cubic Cg,
crystal®. The effective electron mass in pentacene can be obtained as 10* m,*’. Note that m* characterizes the
extent of localization or delocalization of the electron wave function in the surface plane. In other words, the
states with small effective electron mass are delocalized, whereas those with large effective mass are spatially
localized. The momentum relaxation time can be obtained from several fs to tens fs in polymer-fullerene blends*!,
and 46 fs in ultra-thin film perylene tetracarboxylic dianhydride*”. The energy relaxation times of 36 fs and 491 fs
in conjugated polymers have been observed®.

Figure 7 shows how the momentum relaxation time and the energy relaxation time (in the unit of second)
affect the effective activation energy. This figure clearly shows that the effective activation energy keeps a constant
when both the momentum relaxation time and the energy relaxation time are sufficiently small (e.g., less 1fs).
When the energy relaxation time is larger than the momentum relaxation time, the effective activation energy
becomes smaller, and vice versa. Note that negative values in the contour map in Fig. 7 represent the increase of
the activation energy.

Figure 8 depicts the contour of the change in the activation energy caused by the effective mass and the
momentum relaxation time. It is evident from Fig. 8 that a smaller effective electron mass results in a larger
change in the activation energy.

carrier concentration 7 is given as n, exp(—TZlf such a donor-acceptor material behaves as n-type organic

SCIENTIFICREPORTS | 6:24777 | DOI: 10.1038/srep24777 10
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Figure 10. Contour of the change in the activation energy (unit: eV) affected by the channel electric field
and the energy relaxation time. The momentum relaxation time of 100 fs and the free electron mass are used in
the calculation.

Figure 9 illustrates how the electric field and the effective electron mass affect the change in the activation
energy. It can be clearly observed from Fig. 9 that a larger electric field results in a larger change in the activation
energy.

Figure 10 plots the contour of the change in the activation energy caused by the electric field and the energy
relaxation time. It can be clearly observed from Fig. 10 that both the energy relaxation time and the electric field
can have a large effect on the activation energy. All these observations imply that the energy relaxation and the
momentum relaxation of channel electrons should be taken into account for modeling electric characteristics in
organic semiconductor devices. It is also found that the activation energy may be relatively independent of the
gate voltage if the energy relaxation time and the momentum relaxation time are very small (e.g., both less than
11s). These results are of high importance for the design of new OFET materials.

Conclusion

In conclusion, the effects of the energy relaxation and the momentum relaxation of electrons in organic semicon-
ductors on the effective activation energy have been theoretically investigated and physical modeled. The theoret-
ical calculations agree well with experimental data reported in refs 8,34-36. The energy relaxation of electrons in
organic semiconductors can result in a high electron temperature, thereby causing reduction in the effective
activation energy. Based on the energy and momentum conservation equations, a physical model has been built
to describe the gate voltage dependent activation energy in organic semiconductor devices observed in the exper-
iments. Effects of the parameters such as the momentum relaxation time, the energy relaxation time, the electric
field, and the effective electron mass on the effective activation energy have been analyzed in detail. It revealed
that all these parameters have impacts on the effective activation energy. According to the proposed model, the
effective activation energy can be linear functions of either both the gate voltage and the drain voltage themselves
or their squares, depending on whether the electron velocity is below saturation or not. By assuming

Tyn = % (i.e., implying E N = TE’iTL ), the activation energy in the proposed model leads to the same
mathematical form as described in the Meeyer—lNeldel model. Note that the Meyer-Neldel model is a phenomeno-
logical model. By contrast, the proposed model is a physical model, in which the physical meanings of all param-
eters are clear, thereby leading to a superior model over the Meyer-Neldel model. By the proposed physical model,
the device performance can be readily optimized via changing the device parameters. Through this study, it is
evident that the effects of the energy relaxation and the momentum relaxation of electrons in organic semicon-

ductor devices should be seriously included in their electrical characterizations.

References
1. Back, S. H., Park, J. H., Cui, C. & Ahn, D. J. Bio-recognitive photonics of a DNA-guided organic semiconductor. Nat. Commun. 7,
10234. (2016).
2. Gaikwad, A. M. et al. Identifying orthogonal solvents for solution processed organic transistors. Org. Electron. 30, 18-29 (2016).
3. Liu, S., Wang, W. M., Briseno, A. L., Mannsfeld, S. C. & Bao, Z. Controlled Deposition of Crystalline Organic Semiconductors for
Field Effect Transistor Applications. Adv. Mater. 21, 1217-1232 (2009).
4. Meijer, E. . et al. Solution-processed ambipolar organic field-effect transistors and inverters. Nat. Mater. 2, 678-682 (2003).
5. Sirringhaus, H. Reliability of Organic Field Effect Transistors. Adv. Mater. 21, 3859-3873 (2009).
6. Sirringhaus, H. Device physics of solution-processed organic field-effect transistors. Adv. Mater. 17, 2411-2425 (2005).
7. Anthopoulos, T. D. et al. Solution processible organic transistors and circuits based on a C70 methanofullerene. J. Appl. Phys. 98,
54503-5450. (2005).
8. Ullah, M, Singh, T. B,, Sitter, H. & Sariciftci, N. S. Meyer-Neldel rule in fullerene field-effect transistors. Appl. Phys. A 97, 521-526
(2009).
9. Ullah, M. et al. Electric field and grain size dependence of Meyer—Neldel energy in C 60 films. Synthetic Met. 161, 1987-1990 (2011).
10. Kim, B.J., Yu, H., Oh, J. H., Kang, M. S. & Cho, ]. H. Electrical transport through single nanowires of dialkyl perylene diimide. J.
Phys. Chem. C 117, 10743-10749 (2013).

SCIENTIFICREPORTS | 6:24777 | DOI: 10.1038/srep24777 11



www.nature.com/scientificreports/

11. Meijer, E. J., Matters, M., Herwig, P. T., de Leeuw, D. M. & Klapwijk, T. M. The Meyer—Neldel rule in organic thin-film transistors.
Appl. Phys. Lett. 76, 3433-3435 (2000).

12. Hatakeyama, T. & Fushinobu, K. Electro-thermal behavior of a sub-micrometer bulk CMOS device: Modeling of heat generation
and prediction of temperatures. Heat Transfer Eng. 29, 120-133 (2008).

13. Majumdar, A. Microscale Energy Transfer (eds Tien, C. L. et al.) Ch. 1, 3-94 (Taylor & Francis, Washington, DC, USA, 1998).

14. Hoffmann, M. C,, Hebling, J., Hwang, H. Y., Yeh, K. L. & Nelson, K. A. Impact ionization in InSb probed by terahertz pump terahertz
probe spectroscopy. Phys. Rev. B 79, 161201 (2009).

15. Sodha, M. S. et al. Nonlinear mechanisms for self-focusing of microwaves in semiconductors. J. Appl. Phys. 44, 1699-1705 (1973).

16. Meyyappan, M. & Govindan, T. R. Radio frequency discharge modeling: moment equations approach. J. Appl. Phys. 74, 2250-2259
(1993).

17. Kolobov, V. & Arslanbekov, R. Deterministic Boltzmann solver for electron Kinetics in plasma reactors for microelectronics
applications. Microelectron. Eng. 69, 606-615 (2003).

18. Canali, C., Majni, G., Minder, R. & Ottaviani, G. Electron and hole drift velocity measurements in silicon and their empirical
relation to electric field and temperature. IEEE T. Electron. Dev. 22, 1045-1047 (1975).

19. Sodini, C. G., Ko, P. K. & Moll, J. L. The effect of high fields on MOS device and circuit performance. IEEE T. Electron. Dev. 31,
1386-1393 (1984).

20. Barbot, A., Lucas, B, Di Bin, C. & Ratier, B. Cesium carbonate-doped 1, 4, 5, 8-naphthalene-tetracarboxylic-dianhydride used as
efficient electron transport material in polymer solar cells. Org. Electron. 15, 858-863 (2014).

21. Letizia, J. A., Rivnay, J., Facchetti, A., Ratner, M. A. & Marks, T.]. Variable Temperature Mobility Analysis of n-Channel, p-Channel,
and Ambipolar Organic Field-Effect Transistors. Adv. Funct. Mater. 20, 50-58 (2010).

22. Forrest, S. R. The path to ubiquitous and low-cost organic electronic appliances on plastic. Nature 428, 911-918 (2004).

23. Sze, S. M. & Ng, K. K. Physics of semiconductor devices. 3rd edition (John Wliey & Sons, New York, 2007).

24. Ortmann, F. et al. Materials Meets Concepts in Molecule Based Electronics. Adv. Funct. Mater. 25, 1933-1954 (2015).

25. Metselaar, R. & Oversluizen, G. The Meyer-Neldel rule in semiconductors. J. Solid State Chem. 55, 320-326 (1984).

26. Young, K. K. Short-channel effect in fully depleted SOI MOSFETs. IEEE T. Electron Dev. 36, 399-402 (1989).

27. Lee, S. H., Yu, Y. S., Hwang, S. & Ahn, D. A SPICE-compatible new silicon nanowire field-effect transistors (SNWFETs) model. IEEE
T. Nanotechnol. 8, 643-649 (2009).

28. Faraji, S., Hashimoto, T., Turner, M. L. & Majewski, L. A. Solution-processed nanocomposite dielectrics for low voltage operated
OFETs. Org. Electron. 17,178-183 (2015).

29. Noda, K., Wada, Y. & Toyabe, T. Intrinsic difference in Schottky barrier effect for device configuration of organic thin-film
transistors. Org. Electron. 15, 1571-1578 (2014).

30. Schmechel, R., Ahles, M. & von Seggern, H. A pentacene ambipolar transistor: Experiment and theory. J. Appl. Phys. 98, 084511
(2005).

31. Balkan, N. et al. Energy and momentum relaxation of hot electrons in GaN/AlGaN. J. Phys. Condens. Mat. 14, 3457-3468 (2002).

32. Balkan, N., Gupta, R, Daniels, M. E., Ridley, B. K. & Emeny, M. Hot electron transport in GaAs quantum wells: non-drifting hot
phonons. Semicond. Sci. Tech. 5, 986-990 (1990).

33. Karl, N. Organic Electronic Materials Vol. 41 (eds Farchioni, R. et al.) Ch. 8, 283-326 (Springer Berlin Heidelberg, 2001).

34. Minari, T., Nemoto, T. & Isoda, S. Fabrication and characterization of single-grain organic field-effect transistor of pentacene. J.
Appl. Phys. 96, 769-772 (2004).

35. Pivrikas, A. et al. Comparative study of bulk and interface transport in disordered fullerene films. Phys. Status Solidi B 248,
2656-2659(2011).

36. Ha, T.]., Sonar, P. & Dodabalapur, A. Improved performance in diketopyrrolopyrrole-based transistors with bilayer gate dielectrics.
ACS Appl. Mater. Interfaces 6,3170-3175 (2014).

37. Vodenicharova, M. On the mechanism of electrical conductivity in thin polymer organic semiconductor films. Phys. Status Solidi A
28, 263-268 (1975).

38. Dutton, G., Pu, ], Truhlar, D. G. & Zhu, X. Y. Lateral confinement of image electron wave function by an interfacial dipole lattice. J.
Phys. Chem. 118, 4337-4340 (2003).

39. Tsukamoto, S. & Nakayama, T. Mechanisms of electron transport through bellows-shaped fullerene tubes. J. Phys. Chem. 122,
074702 (2005).

40. Silinsh, E. A., Klimkans, A., Larsson, S. & Cépek, V. Molecular polaron states in polyacene crystals. Formation and transfer
processes. Chem. Phys. 198, 311-331 (1995).

41. Jin, Z. et al. Ultrafast Terahertz Photoconductivity of Photovoltaic Polymer-Fullerene Blends: A Comparative Study Correlated with
Photovoltaic Device Performance. J. Phys. Chem. Lett. 5, 3662-3668 (2014).

42. Yang, A. et al. Two-photon photoemission of ultrathin film PTCDA morphologies on Ag (111). J. Phys. Chem. C 112, 2506-2513
(2008).

43. Ke, Y., Liu, Y. & Zhao, Y. Visualization of Hot Exciton Energy Relaxation from Coherent to Diffusive Regimes in Conjugated
Polymers: A Theoretical Analysis. J. Phys. Chem. Lett. 6, 1741-1747 (2015).

Acknowledgements

The authors acknowledge financial support from the National Natural Science Foundation of China (under Grant
Nos 61076102 and 61471035), and the Fundamental Research Funds for the Central Universities (under Grant
Nos 06500010 and 06105031).

Author Contributions
L.E. conceived the idea and wrote the main manuscript text. H.S, C.J. and G.E contributed for the editing of the
manuscript. All authors discussed the results and reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Mao, L.-F. et al. Physical Modeling of Activation Energy in Organic Semiconductor
Devices based on Energy and Momentum Conservations. Sci. Rep. 6, 24777; doi: 10.1038/srep24777 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:24777 | DOI: 10.1038/srep24777 12


http://creativecommons.org/licenses/by/4.0/

	Physical Modeling of Activation Energy in Organic Semiconductor Devices based on Energy and Momentum Conservations

	Results

	Theory. 
	Activation energy. 
	Source-drain current. 
	Surface electric field. 
	Relaxation process. 

	Discussion

	Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Activation energy as a function of the square of the gate voltage.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Activation energy as a function of the gate voltage and its square.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Activation energy as a function of the square of the gate voltage under different source-drain voltages.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Activation energy as a function of the source-drain voltage and its square under different gate voltages.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Contour of the channel electric field (unit: kv/cm) affected by the gate voltage and the source-drain voltage.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Activation energy as a function of the square root of the nature logarithm of the carrier concentration.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Contour of the change in the activation energy (unit: eV) affected by the momentum relaxation time and the energy relaxation time.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Contour of the change in the activation energy (unit: eV) affected by the momentum relaxation time and the effective electron mass.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Contour of the change in the activation energy (unit: eV) affected by the channel electric field and the effective electron mass.
	﻿Figure 10﻿﻿.﻿﻿ ﻿ Contour of the change in the activation energy (unit: eV) affected by the channel electric field and the energy relaxation time.



 
    
       
          application/pdf
          
             
                Physical Modeling of Activation Energy in Organic Semiconductor Devices based on Energy and Momentum Conservations
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24777
            
         
          
             
                Ling-Feng Mao
                H. Ning
                Changjun Hu
                Zhaolin Lu
                Gaofeng Wang
            
         
          doi:10.1038/srep24777
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24777
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24777
            
         
      
       
          
          
          
             
                doi:10.1038/srep24777
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24777
            
         
          
          
      
       
       
          True
      
   




