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Improvement of mobility edge model by using new density of states
with exponential tail for organic diode*
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The mobility edge (ME) model with single Gaussian density of states (DOS) is simplified based on the recent exper-
imental results about the Einstein relationship. The free holes are treated as being non-degenerate, and the trapped holes
are dealt with as being degenerate. This enables the integral for the trapped holes to be easily realized in a program. The
J-V curves are obtained through solving drift-diffusion equations. When this model is applied to four organic diodes, an
obvious deviation between theoretical curves and experimental data is observed. In order to solve this problem, a new DOS
with exponential tail is proposed. The results show that the consistence between J-V curves and experimental data based
on a new DOS is far better than that based on the Gaussian DOS. The variation of extracted mobility with temperature can

be well described by the Arrhenius relationship.
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1. Introduction

In spite of the recent progress made in organic elec-
tronic thin-film devices both in theoretical and experimental
aspects, the physical mechanism of charge transport has not
been thoroughly determined. The popular models reported in
the literature can be divided into two types. The first type is
the hopping model. It usually combines with kinetic Monte
Carlo simulations, the concept of a transport level, effective-
medium theory,[!™ or percolation theory.’=! The second
type of model is the mobility edge (ME) model %171 firstly
proposed by Mott.[10-11]

In the ME model, 19171 the electronic states are divided
into two non-overlapping state distributions, one is corre-
sponding to the localized (trap) states and the other to the delo-
calized (band) states; the two distributions are separated by an
energy level referred to as the ME. An additional assumption
frequently made within the ME model is that, in contrast to
the hopping model, the charge carriers in the localized states
are completely immobile; thus, only the carriers that are ther-
mally activated into the band states contribute to charge trans-
port. Dacuna et al.,!'>) and Dacuma and Salleo!'®! applied the
ME model with single Gaussian density of states (DOS) to an
organic diode with rubrene single crystal, and they obtained
very good results for current—voltage (J-V') curves at different
temperatures as compared with experimental data. However,
they!!>-11 show that the ME model with non-Gaussian DOS
cannot arrive at good agreement with experimental data.

Recently, Mehraeen et al.!'") provided a detailed compar-
ison of the hopping model with the ME model in describing
the effects of charge—carrier concentration on electrical con-
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ductivity, carrier mobility, and position of the Fermi level in
the case of such a composite DOS. Their results from the two

[17] They also used both models to

models show similar trends.
explain the recent experimental data reported on n-doped Cegg
films. Their results indicate that both models can reproduce
very well the experimental dependences of electrical conduc-
tivity, carrier mobility, and Fermi energy on charge concentra-
tion.

Although the ME model with Gaussian DOS has been

shown successfully at present,!!>17]

we notice that the types
of materials the ME model have been applied to are fairly lim-
ited. Only one diode with rubrene single crystal has been stud-
ied in the respect of the J-V property.[!®! In order to check the
reasonability and applicability of the ME model, it is neces-
sary to apply the model to more materials. In this paper, we
present the modified version of the ME model, and apply it to
four diodes comprised of different materials.

Although the Gaussian DOS is popular for organic semi-
conductors, recently some authors!'®231 emphasized the im-
portance of DOS. Some authors proposed that the DOS should
have an exponential tail, and some authors suggested differ-
ent forms of DOS. Puigdollers et al.['8! calculated the DOSs
in the gap of pentacene from the electrical characteristics of
thin-film transistors, measured at different temperatures. They
Kalb and

Batlogg!!”! calculated the trap DOSs in organic field-effect

confirmed the existence of the exponential tail.

transistors from experiment and compare the results from dif-
ferent methods and results for thin-film transistors and single
crystals. Oelerich et al.””°! proposed the trial DOS function
Noexp[—(E — E,)* /o*] and found only those with A > 1.8
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can explain the experimental results of mobility. Yogev et
al.”>!1 directly measured DOSs in pentacene thin film transis-
tors. Cho et al.!*?! studied the trap DOSs in n-channel organic
transistors, Welborn er al.[?3! studied the DOSs for disordered
systems from free probability.

18-231 proposed a combina-

Most of the above authors!
tion of Gaussian DOS with an additional exponential term,
i.e., Noexp[(E —E,)/o] (E < Ey). However, such a com-
bination adds two more parameters, and exponential term
Noexp[(E — E,)/ o] is divergent as E tends to infinity, which is
unreasonable, and it should be cut short artificially. In view of
this analysis, it is needed to develop a new DOS with an expo-
nential tail such that the shortcoming of the above combination
can be eliminated, by which we are motivated to proposing a
new DOS with an exponential tail in this paper.

2. Improvement of ME model
The Gaussian and new DOSs, each with width o, and
central energy level E,, used in the ME model, are respectively
D(E) = (No/oV2r)exp|— (E — E,)* /2067] (1)

and

D(E) = (2No/mo){exp[(E — E,)/0]
+exp[— (E—Ev)/c]}*l. 2)

Both DOSs satisfy the normalizing condition, [D(E)dE =
Np. It can be seen that each of the new DOSs indeed has an
exponential tail and is always convergent as E — oo, Near
the center of the DOS, (E — E,) — 0, equations (1) and (2)
can be expanded into the following form respectively

D(E) ~ (No/m/TE) - (E—E,)/26% 3)
and
D(E) =~ (2No/mc)[1 + (E —E,)*/c* ™!
~ (2No/no) [l — (E —E,)*/c?]. 4)

Thus each of the new DOSs has a varying tendency similar to
the one that the Gaussian DOS has near the center of the DOS.

The densities of free and trapped holes in terms of single
Gaussian DOS can be expressed as

p= [ DE) s E)aE ©)
and

p= [ DEFE)E ®)
where

f(E) = {1+exp[(Er —E+q9(x))/kaT]} "

= {1+exp[(Er () —E)/kaT]} ", ™

Ey, is the ME, electronic states with energies higher than ME
are localized (trap) states, and the other are delocalized (band)
states. The f(E) is the Fermi-Dirac (FD) distribution func-
tion for holes, Er is the Fermi energy level without external
electric field, and Ep (x) = Ep + q@(x) is the quisi-Fermi en-
ergy level. There is no constant Er(x) in a device under space
charge-limited (SCL) conditions, but the separated Er should
be a constant. Equations (5)—(7) are fundamental formulas for
the ME model.
Some studie
statistics used in Egs. (5) and (6) would lead to a generalized
Einstein relation (GER), D/t = —pg [gdps/dEg] ", instead of
the traditional one, D/ = kT /q, where D is the diffusion co-
efficient of holes and u is the mobility. However, Neumann

sI24281 pointed out that the Fermi-Dirac

et al.””! did not support the GER through theoretical analy-
sis. Wetzelaer et al.’%! confirmed the validity of the Einstein
relation in organic semiconductors by studying the diffusion-
driven currents of single-carrier diodes. As is well known, in
inorganic semiconductor physics, the traditional Einstein rela-
tion is related to the non-degenerate Boltzmann statistics.

It should be pointed out that although the same FD dis-
tribution f(E) is used in both Egs. (5) and (6), the results
of Refs. [29] and [30] show that the traditional Einstein re-
lationship is valid for organic semiconductors, this implies
that the organic semiconductors should be non-degenerate,
(Ep — E,) > kT . So even under the SCL conditions, the quasi-
Fermi energy Er(x) also satisfies the non-degenerate condi-
tion, (Ep — E,) > kT. This means that the free holes can be
seen as being non-degenerate, and the trapped holes should be
treated as being degenerate. When the Fermi—Dirac distribu-
tion in Eq. (7) is applied to free holes and trapped holes, it
can and cannot be approximated by Boltzmann distribution,
respectively. Equation (5) for free holes can be approximated
by the following form

pr= E:D(E)exp[(E—EF—q(P(x))/kT}dE' ®)

Introducing the effective DOS

Nt = exp[(E, — Ep)/kT]
« [ D (E)exp[(E — E)/kT) dE. )

the density of free holes can be expressed as

pr = Nrexp [—q@(x) /kT]. (10)

Although the Fermi—Dirac distribution in Eq. (7) cannot
be approximated by Boltzmann distribution when applied to
trapped holes in Eq. (6), we can reformulate Eq. (7) by us-
ing Eq. (10). Substituting the factor exp[—q®(x)/kT] which is
obtained from Eq. (10), into Eq. (7), we obtain

f(E) = {1+exp[(Er —E +q9(x)) /ksT]} '
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= {1+ (N¢/pr)exp|(Er — E)/keT]} ™. (11)

By substituting Eq. (11) into Eq. (6), we obtain the following
equation

b= /EWD (E) {1+ (Ne/pr) exp[(Er — E) /ke T]} ™' dE. (12)

Moreover the original Fermi distribution Eq. (7) is applicable
to both free and trapped holes. However, the Boltzmann ap-
proximation in Eq. (10) is valid merely for free holes. Trans-
formed equation (11) is applicable to trapped holes. We think
that the situation is similar to the traditional semiconductor
physics for inorganic semiconductors, where the density of
free carriers is evaluated by using the Boltzmann distribution,
and the density of trapped carriers is evaluated by using the
Fermi-Dirac distribution.

31,32

Nicolai et al.!3-*? pointed out that the trapped holes can

be easily realized in a program based on the discretization
method given by Gummel?3! and Scharfetter and Gummel, 34!
if the D((E) for trapped holes is taken as the single trap model.
Whereas the Fermi integral in Eq. (12) with Gaussian DOS
is not easy to realize. It is necessary to use the accurate ap-
proximation of the Gauss—Fermi integral recently reported by
Paasch and Scheinert.!3! By using the approximation,*! the
effect of Gaussian distributed traps on the transport can be as-
sessed. However, from Eq. (11), we can derive the following
expression

pe(9f/3ps) = {1+ (No/pr)exp(Er — E) /keT]}
X (Nf/pf)exp[(Ep—E)/kBT]. (13)

Substitution of Eq. (11) into Eq. (13) yields

pe(df/op) = (f ' =1)=f(1—f). (14)

Then the derivatives of trapped charges with respect to the free
charges can be easily evaluated as

pf(c?pt/&pf):/_E:D(E)f(E)[l—f(E)]dE. (15)

By combining Eq. (15) with the discretization method of Gum-

33341 the Gauss—Fermi integral can be

mel and Scharfetter,!
easily and directly realized in program and the approximation
given by Paasch and Scheinert!® is not needed.

With trapped charges taken into account, the Poisson

equation is as follows:

e
dx?

_ 4
= e (pe+p0). (16)

Considering the fact that the trapped charges do not contribute
to current, and adopting the Einstein relationship,/?*=% the
drift-diffusion equation takes the following form

d d
J = ~auopi5e ~KTio 5. (17)

We also assume that the mobility is not dependent on the elec-
tric field nor density of charges according to Refs. [15]-[17].
For solving Egs. (16) and (17), we need to use Eqgs. (10), (12),
and (15).

Assuming that the thickness of the organic layer is L, the
left-side contact (x = 0) can be seen as Ohmic contact with
low potential barrier Wieg, and the right-side contact (x = L)
can be seen as Schottky contact with high potential barrier
Wiighe. The difference between right and left potential barri-
ers, Voi = Wright — Wieft is just the built-in potential in the de-
vice. The edge conditions used in solving procedure can be

expressed as follows: 6]
(p (0) = W/lef[ + V7 (p (L) = ‘/Vl'ighta (18)
V—Vi=¢(0)-9¢(L), (19)
pr(0) = Nrexp (—Wient /kT), and
pt (L) = Neexp (—Wiigne/KT) . (20)

These boundary conditions Egs. (18)—(20) have been used by
Bruyn et al.37]

3. Application to devices

Now we apply the above model to four diodes with
polymer layers of poly[4'-(3, 7-dimethyloctyloxy)-1, 1'-
biphenylene-2,5-vinylene] (NRS-PPV), poly(2-methoxy-5-
(3, 7'-dimethyloctyloxy)-p-phenylene-vinylene) (OC;Cjo-
PPV),[38.39] (P3HT)B!321, and
poly(2-methoxy-5-(2-ethyl hexyloxy)-1,4-phenylenevinylene)
(MEH-PPV)B%40] with thickness L = 560 nm, 275 nm, 95 nm,
and 270 nm respectively. In Figs. 1-4, we plot J-V curves for

poly(3-hexylthiophene)

the four materials, accompanied by the comparisons with ex-
perimental points. These figures show that the agreement of
theoretical curves with experimental points is as good as that
from the other model used by Nicolai ez al.>>!"! and is accept-
able. This means that the ME model with a new DOS is a
possible model for organic semiconductors.

100 F

NRS-PPV
10-6 L =560 nm |

Total current density/A-m—2

100 10!
V/vV

Fig. 1. (color online) Experimental (symbols)[38*39] and theoretical

(dashed lines: Gaussian DOS; solid lines: new DOS) J-V curves at
different temperatures of an NRS-PPV hole only diode, with thickness
L =560 nm.
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100 F

J/A-m—2

OCC-PPV
275 nm J

V/V

Fig. 2. (color online) Experimental (symbols)[38'39] and theoretical
(dashed lines: Gaussian DOS; solid lines: new DOS) J-V curves at
different temperatures of an OC;C;o-PPV hole only diode, with thick-
ness L =275 nm.

102}

101 -

J/A-m~2

100}

10-! /E‘/H/a

P3HT
L =95 nm

100
V/V

Fig. 3. (color online) Experimental (symbols)31-32] and theoretical
(dashed lines: Gaussian DOS; solid lines: new DOS) J-V curves
at different temperatures of a P3HT hole only diode, with thickness
L =95nm.

In Tables 1 and 2, we list six temperature-independent pa-
rameters for the ME model by using Gaussian and new DOSs,
respectively, including Ny, o, E\f = E, — Ef, Enyy = Em — E,,
Wiett, and Wyigne. The values of ¢ based on Gaussian DOS are
too large as compared with those in Refs. [4] and [6], but are
reasonable for the new DOS. Values of E\r are always nega-
tive for four materials, which implies the assumption that free
holes are non-degenerate used in derivation of Eq. (7) is rea-
sonable. The positive values of Ep,, show that the levels of ME
are higher than the valence levels E,. The values of Wjgn are

larger than Wieg for the new DOS, which means that the posi-
tive built-in potential, Vpj = Wiight — Wieft, is reasonable. How-
ever, values of Wjgn in OCC and P3HT for Gaussian DOS are
smaller than Wi, for the Gaussian DOS, which means that the
built-in potential is negative and unreasonable.

J/A-m—2
=
S
L

10-°¢

1.00
V/V

Fig. 4. (color online) Experimental (symbols)3%#%1 and theoretical
(dashed lines: Gaussian DOS; solid lines: new DOS) J-V curves
at different temperatures of an MEH hole only diode, with thickness
L =270 nm.

Table 1. Temperature-independent parameters of mobility edge model
with Gaussian DOS optimized by fitting J-V data for NRS, OCC,
P3HT, and MEH organic diodes.

NRS occ P3HT MEH
No/m ™3 1.0x1047  65%x10%  65x10%°  45x10%
oleV 0.21 0.405 0.387 0.6
E,leV —0.44 —0.54 -0.26 -0.38
Emv/eV 0.8 13 13 1.57
Wier/eV 0.28 1.1 1.18 0.228
Wiight/eV 0.5 0.6 0.2 0.3

Table 2. Temperature-independent parameters of the mobility edge
model with new DOS optimized by fitting J-V data for NRS, OCC,
P3HT, and MEH organic diodes.

NRS occC P3HT MEH
No/m ™3 2.4%10% 2.4%10%7 1.9%x10%8 5x10%
oleV 0.2 0.2 0.215 0.2
E,leV 0.2 -0.2 -0.17 -0.2
Emy/eV 1.65 1.58 1.85 1.53
Wier/eV 0.85 0.65 0.95 0.6
Wiigh/eV 2.6 1.96 2.1 0.78

Table 3. Temperature-dependent mobility values with Gaussian DOS optimized by fitting J-V data for NRS, OCC, P3HT, and MEH organic diodes.

NRS T/K 233 252 272 298
Lo/(m?/V-s) 1.7x10712 6x10712 1.5x10~ 1 5%x107 1
occC T/K 235 255 275 293
Lo/(m?/V-s) 1.5%x1073 1.9%x1073 24x107° 3%x1073
P3HT T/K 215 235 255 275 294
Lo/(m?/V-s) 3.5%x1077 4.7x1077 7.5%1077 9x1077 1.3%x107°
MEH T/K 195 215 235 255 275 295
Lo/(m?/V-s) 5.5%x10713 8x 10713 1.2x10712 2x10712 4.6x10~ 1 8x 10~
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Table 4. Temperature-dependent mobility values with new DOS optimized by fitting J-V data for NRS, OCC, P3HT, and MEH organic diodes.

NRS T/K 233 252 272 298
Lo/ (m?/V-s) 1.15x1077 1.53x1077 1.85x1077 2.5%1077
occ T/K 235 255 275 293
Uo/(m?/V-s) 3.8x107° 4.5%1073 5.5x107° 6.8x107°
P3HT T/K 215 235 255 275 294
Uo/(m?/V-s) 4.9%x1076 5.3%x107° 5.8x107° 6.2x107° 6.9%x107°
MEH T/K 195 215 235 255 275 295
Uo/(m?/V-s) 8x10713 9.3%x10°13 1.4x10712 2.05x10712 2.7%x10712 3.9%10712

In Tables 3 and 4, we list the values of temperature-
dependent parameter Ll for the ME model by using the Gaus-
sian and new DOSs, respectively. These data can be fitted by
using the following Arrhenius relationship

Mo = Hooexp (A/kT). (21

In Figs. 5 and 6, we plot the variations of w1y with temperature
for the four materials, we also plot the smoothed curves by us-
ing Eq. (21). It can be seen that the smoothed curves can fit
the data points satisfactorily.

0 10-10

@ NRS occC
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ED 105

= 3 1 5 3 4 5

T 10-6 P3HT

T
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g

~

(=]

2 3 4 5 3 4 5
(10007T) /K1 (1000T) /K1

Fig. 5. (color online) Variations of to(7) with temperature for the ME
model with Gaussian DOS smoothed by using Eq. (21).
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Fig. 6. (color online) Variations of to(7") with temperature for the ME
model with new DOS smoothed by using Eq. (21).

4. Conclusions

In this work, we simplify the mobility edge (ME) model
with a single Gaussian DOS based on recent experimental re-

sults about the validity of the traditional Einstein relationship.
The free holes are treated as being non-degenerate, and the
trapped holes are dealt with as being degenerate. This treat-
ment is confirmed by applying the model to four materials,
and also enables the non-complete Gaussian integral for the
trapped holes to be easily realized in program. The J-V curves
are obtained through solving drift—diffusion equations. With
applying the model to four organic diodes, the obvious devi-
ation between theoretical curves and experimental data is ob-
served. In order to solve this problem, a new DOS with expo-
nential tail is proposed. The results show that the agreement
of J-V curves with experimental data based on new DOS is
far better than that based on the Gaussian DOS. The variation
of extracted mobility with temperature can be well described
by the Arrhenius relationship.
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