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The Fermi-Dirac statistics is adopted to consider degenerate effects in organic diodes. The degenerate
drift-diffusion equation is analytically solved under the uniform-electrical-field approximation. The ana-
lytical expressions for the current-voltage relationship and carrier density are derived. The mobility model
of Pasveer [Pasveer et al., Phys. Rev. Lett. 94, 206601 (2005)] is improved to consider correct charac-
teristic length scales and combined with the analytical solution to analyze the properties of six organic
diodes. The theoretical results are in good agreement with experimental data. Six model parameters are
extracted for six devices, namely, the parameters N0 and σ for the density of states; the parameters μ0 and
a for the mobility model; and the potential barriers Wan and Wcat at the anode and cathode, respectively.
The degenerate parameter η̄ at 300 K is deduced. It is shown that two materials, MEH-PPV and F8BT, are
degenerate. Although four other materials can be treated as nondegenerate, the degenerate effects are not
negligible near the anode region.
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I. INTRODUCTION

Organic semiconductors have attracted increasing atten-
tion in the last decade for wide electronic applications,
such as displays, photovoltaics, lighting, or transistors.
This is mainly due to the lower production cost, sus-
tainability, and flexibility. It has been recognized that
the optoelectronic properties of organic semiconductors
are different from those of classical inorganic crystalline
semiconductors. The most important problem here is an
understanding of charge-transport processes in the materi-
als. Charge transport in organic semiconductors is regarded
as a hopping process between localized sites, which are
thought to consist of conjugated polymer-chain segments.
Variations in the on-site energies due to disorder are usu-
ally assumed to be Gaussian [1]. The most important trans-
port parameter of an organic semiconductor is mobility.
Theoretically, the mobility of organic semiconductors has
been treated as a function of temperature T, electric field F,
and charge density p [2]. The experimental mobility usu-
ally was extracted by the current-voltage (J -V) relationship
for field-effect transistors [1] or organic diodes [2].

A popular structure of organic diodes is the metal-
insulator-metal (M-I-M ) structure. It is manufactured by
sandwiching a layer of organic semiconductor between
two electrodes. Previously, the J -V relationship of organic
diodes was described by a space-charge-limited current
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(SCLC) equation proposed by Mott and Gurney [3]:

J = 9
8
εμL−3(V − VBI)

2 (1)

with ε as the dielectric constant; µ as the charge-carrier
mobility; L as the thickness of the organic layer; V
as the applied voltage; and VBI as the built-in voltage,
qVBI = Wcat − Wan, where Wan and Wcat are potential bar-
riers at the anode and cathode, respectively. However, de
Bruyn et al. [4] pointed out that the diffusion current was
important not only at voltages below VBI but also at those
above VBI. The Mott-Gurney equation ignores the diffu-
sion current and is merely applicable to the condition with
voltages far higher than VBI. They [4] derived an analyti-
cal formula for diffusion-limited current in p-type organic
M-I-M diodes:

J = qμNv(VBI − V)[exp(qV/kT) − 1]
L[exp(qVBI/kT) − exp(qV/kT)]

, (2)

where Nv is the effective density of states (DOS) for holes.
Equation (2) has been widely used to analyze the prop-

erties of organic diodes, including extraction of mobility µ
[4–7], built-in voltage VBI [8–10], etc. However, we notice
that four physical factors are ignored in the derivation of
Eq. (2). The first factor, the degeneracy effect, is ignored,
and the Boltzmann statistics is used in the drift-diffusion
equation. Although some reports in the literature supported
the applicability of Boltzmann statistics to organic semi-
conductors [11,12], more and more works showed that
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the degeneracy effect was important, and the Fermi-Dirac
statistics should be used in place of the Boltzmann statis-
tics [13–16]. The second factor, the mobility µ, is treated
as a constant independent of electric field F and density
p, but the mobility of organic semiconductors is recog-
nized as a function of µ(F,p) [1,2]. The third factor, the
popular µ(F,p), of Pasveer et al. [2] is not universal, as
pointed out by Nenashev et al. [17]. Parameters in µ(F,p)
are treated as independent of the DOS and carrier density,
but, in fact, parameters in these quantities are relevant for
each other. The fourth factor is that Eq. (2) is derived by
direct integration of the drift-diffusion equation, so the ana-
lytical expression of hole density, p(x), is unavailable; this
deficiency is inconvenient for some applications.

By taking the above four physical factors into account,
we derive analytical solutions for the M-I-M organic
diodes and improve the mobility model of Pasveer
et al. [2]. Our model and solutions adopt the Fermi statis-
tics, the function of µ(F,p), and can give an analytical
expression of p(x). We also modify the length scale of
µ(F,p) [2] in terms of Ref. [17], and exhibit the rela-
tionship between the parameters in µ(F,p) with the DOS,
p(x), and drift-diffusion equation. This may impose strong
constraints on the parameters, and the model is more
physically reasonable. In Sec. II, we derive the analytical
solutions. In Sec. III, we detail improvements of the mobil-
ity model. In Sec. IV, the model is applied to six devices.
The conclusions are given in Sec. V.

II. DERIVATION OF SEMIANALYTICAL
SOLUTION FOR M-I-M DIODES

The drift-diffusion equation under the Fermi statistics is
as follows [4,13,14]:

J = qpFμ(F , p) − kTη(p)μ(F , p)
dp
dx

, (3)

where η(p) is the degeneracy coefficient due to the
Fermi-Dirac statistics; it is a function of p. The bound-
ary conditions of p(x) under the Boltzmann statistics are as
follows [4]:

p(0) = Nvexp(−Wan/kT), p(L) = Nvexp(−Wcat/kT).
(4)

Under the Fermi-Dirac statistics, the boundary conditions
of p(x) should be replaced by

p(0) =
∫ ∞

−∞

G(E)dE
1 + exp[(Wan − E)/kT]

, (5a)

p(L) =
∫ ∞

−∞

G(E)dE
1 + exp[(Wcat − E)/kT]

. (5b)

G(E) is the Gaussian DOS with two parameters N 0 and σ :

G(E) =
(

N0/σ
√

2π
)

exp(−E2/2σ 2). (6)

If we expand Eq. (5) under nondegenerate conditions, we
can obtain an expression for the effective DOS, Nv =
N0exp[σ 2/2(kT)2]. However, Nv is usually treated as a
parameter independent of G(E) [4–7]. This treatment is
obviously unreasonable.

If the functions η(p) and µ(F,p) are retained, Eq. (3) can-
not be analytically solved. de Bruyn et al. [4] pointed out
that there was no band bending in the M-I-M structure for
the absence of space charge, and electric field F could be
taken as a constant:

F = (V − VBI)/L. (7)

Strictly speaking, the electric field should be determined by
the Passion equation and is a function of position F(x). de
Bruyn et al. [4] have shown that the uniform-electric-field
approximation, Eq. (7), is extremely good for typical M-I-
M diodes, as the voltage is not larger than 10 V. Resulting
Eq. (2) is in good agreement with numerical solutions
adopting the Passion equation. We further replace η(p)
and µ(F,p) by the effective degeneracy coefficient, η̄, and
the average mobility, μ̄; their values should be determined
consistently. Eq. (3) is changed to the following form:

J = qpFμ̄ − kTη̄μ̄
dp
dx

. (8)

The integration of Eq. (8) gives

p(x) = J
qFμ̄

+ Cexp
(

qFx
kTη̄

)
. (9)

Adopting the boundary condition of Eq. (5a), the integrat-
ing constant C can be determined:

p(x) = J
qFμ̄

+
[

p(0) − J
qFμ̄

]
exp

(
qFx
kTη̄

)
. (10)

Applying the boundary condition of Eq. (5b) to Eq. (10),
we can solve the current as

J = qFμ̄{p(0) − p(L)exp[−(qFL/kTη̄)]}
1 − exp[−(qFL/kTη̄)]

. (11)

Substitution of Eq. (11) into Eq. (10) yields

p(x) = p(L) + [p(0) − p(L)]
1 − exp[qF(x − L)]/kTη̄

1 − exp[−(qFL/kTη̄)]
.

(12)

Equations (11) and (12) are applicable to the case with
F > 0. For the case with F < 0, Eqs. (11) and (12) should
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FIG. 1. Comparison of fitting curves from Eq. (22) (solid lines) with simulated data [19] (symbols) for two coefficients, c1 and c2,
versus aN 1/3

0 .

be mathematically changed to avoid the possibility of
divergence in numerical calculations.

To determine the value of η̄, we adopt the condition,
J = 0, as V = 0. As applying the condition to Eq. (11), we
have

J ∝ p(L) − p(0)exp
(

−qVBI

kTη̄

)
= 0.

The value of η̄ is solved as

η̄ = qVBI

kTln[p(0)/p(L)]
. (13)

Equation (13) shows that the effective degeneracy coeffi-
cient, η̄, is determined by the carrier densities p(0) and
p(L) at the anode and cathode. If p(0) and p(L) are taken
in Eq. (4) under Boltzmann statistics, then η̄ should have a
value of one under nondegenerate conditions. The value of
μ̄ should be evaluated as the following average:

μ̄ = L−1
∫ L

0
μ[F , p(x)]dx. (14)

III. IMPROVEMENT OF UNIFIED MOBILITY
MODEL

The mobility function, µ(F,p), used in this work is the
expression proposed by Pasveer et al. [2] through fitting
the numerical solution of the master equation

μ(T, p , F) = μ(T, p)f (T, F), (15)

μ(T, p) = μ0c1exp(−c2σ̂
2)exp

[
1
2
(σ̂ 2 − σ̂ )(2pb3)

δ

]
,

(16)

c1 = 1.8 × 10−9, c2 = 0.42,

δ = 2σ̂−2[ln(σ̂ 2 − σ̂ ) − ln(ln4)], (17)

f (T, F) = exp
{

0.44(σ̂ 3/2 − 2.2)

[√
1 + 0.8(qFb/σ)2 − 1

]}
,

(18)

with σ̂ = σ/kT, μ0 = qν0b2/σ , and b is the lattice con-
stant. In solving the master equation, Pasveer et al. [2]

TABLE I. Thickness, L, of active layer; optimized parameters N 0, σ , μ0, a, Wan, and Wcat; and deduced parameter η̄ at 300 K for six
organic diodes.

PFO [4] MEH-PPV [5] F8BT [20] 2-TNATA [21] Spiro-TAD [21] TCTA [21]

L (nm) 80 100 74 151 179 179
N 0 (m−3) 1.103 × 1026 1.445 × 1026 5.018 × 1026 3.362 × 1026 1.721 × 1026 1.721 × 1026

σ (eV) 0.05 0.293 0.23 0.08 0.06 0.08
μ0 (m2/Vs) 1.105 × 10−4 1.455 × 108 89.76 2.233 × 10−4 5.234 × 10−4 8.723 × 10−5

a (nm) 0.58 0.53 0.35 0.4 0.5 0.5
Wan (eV) 0.35 1.35 0.9 0.37 0.32 0.31
Wcat (eV) 0.76 1.4 1.0 0.5 0.5 0.6
η̄ 1.00 3.28 2.13 1.02 1.00 1.03
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FIG. 2. Comparison of theoretical curves (solid lines) with experimental data (symbols) for devices made from the materials PFO
[4] (a) and MEH-PPV [5] (b).

have assumed a cubic lattice and taken b = 10a. Here, a is
the localization length of charges in the Miller-Abrahams
hopping rates, and ν0 is the trying frequency,

Wij =
{
ν0exp[−2rij /a − β(εi − εj )], εj ≥ εi,

ν0exp[−2rij /a], εj < εi.
(19)

The mobility model in Eqs. (15)–(18) has three indepen-
dent parameters: μ0, σ , and b.

Nenashev et al. [17] pointed out that the fundamen-
tal characteristic length scale for the field dependence of
mobility in disordered organic semiconductors should be
the localization length, a, of charges rather than the lat-
tice constant, b. So, the mobility model in Eqs. (15)–(18)
should be modified in accordance with the conclusion
of Nenashev et al. [17]. Upreti et al. [18] made exten-
sive kinetic Monte Carlo calculations and surprisingly
found that the mobility model of Pasveer et al. [2] was
in good agreement with the Monte Carlo calculations and

extremely successful, despite it being based on the assump-
tion of nearest-neighbor hopping on a regular lattice. Lee
et al. [19] recently made detailed simulations under wider
parameter ranges and found that the mobility model of
Pasveer et al. [2] was qualitatively in agreement with their
simulation data; quantitative agreement can be accessible
if the parameters are slightly adjusted.

We think three modifications should be made in accor-
dance with Refs. [17,19]. Pasveer et al. [2] have assumed
a cubic lattice; the lattice number density, N 0, can be
expressed as N0 = b−3. Lee et al. [19] proposed and veri-
fied the first modification: parameter b in Eq. (16) should
be replaced by N 0. Then Eq. (16) is changed to following
form:

μ(T, p) = μ0c1exp(−c2σ̂
2)exp

[
1
2
(σ̂ 2 − σ̂ )(2p/N0)

δ

]
,

(20)
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FIG. 3. Comparison of theoretical curves (solid lines) with experimental data (symbols) for devices made the materials F8BT [20]
(a) and 2-TNATA [21] (b).
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FIG. 4. Comparison of theoretical curves (solid lines) with experimental data (symbols) for devices made from materials Spiro-TAD
[21] (a) and TCTA [21] (b).

with μ0 = qν0N−2/3
0 /σ . We think that the modification in

Eq. (20) is necessary, since N 0 is the total density of sites
in the DOS of Eq. (6). Equation (20) evidently exhibits the
relationship of N 0 with mobility; in contrast with original
expressions of Pasveer et al. [2], where it is independent
of N 0.

The second modification is that the lattice constant, b,
should be replaced by the localization length, a. Since
Pasveer et al. have taken b = 10a in their simulations, we
should substitute this relationship into Eq. (18) and treat a
as an independent parameter:

f (T, F) = exp
{

0.44(σ̂ 3/2 − 2.2)

[√
1 + 80(qFa/σ )2 − 1

]}
.

(21)

Although the replacement of b by a in Eq. (21) is not strict,
it is reasonable for three reasons. The first reason is that
Nenashev et al. [17] pointed out that the fundamental char-
acteristic length scale of the field dependence of mobility
should be a rather than b. The second reason can also be
deduced from simulation results of Nenashev et al. [17]
that the changing amplitude of mobility versus b is more
remarkable than that of a. This implies that the changing
range of a is smaller than that of b for practical organic
semiconductors. So, the replacement of b by a in Eq.
(21) is acceptable. The third reason is that the simulations
of Pasveer et al. [2] are based on the Miller-Abrahams
hopping rates, Eq. (19). The localization length, a, is a fun-
damental parameter in the Miller-Abrahams hopping rates
and must appear in the reasonable mobility expression. The
original mobility expression in Eqs. (15)–(18) has nothing
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FIG. 5. Theoretical curves at three temperatures, 220, 260, and 300 K, for devices made from PFO [4], with all parameters taking
values given in Table I, except for other one parameter: (a) with Wan= 0.5 eV (dashed lines) and Wcat= 0.9 eV (dotted-dashed lines),
and (b) with σ = 0.05 eV (dashed lines) and a = 0.5 nm (dotted-dashed lines).

034037-5



SUN, YANG, LI, and CUI PHYS. REV. APPLIED 16, 034037 (2021)

0 20 40 60 80
0

2

4

6

8

10

x (nm)

300 K

220 K

260 K

(a)

0 20 40 60 80 100
1.5

2.0

2.5

3.0

3.5

4.0
×10

20
×10

20

x (nm)

p(
x)

 (
m

–3
)

p(
x)

 (
m

–3
)

(b)

220 K

300 K

260 K

FIG. 6. Theoretical curves, p(x), for devices made from PFO at 0.5 V [4] (a) and MEH-PPV at 2 V [10] (b), at 220, 260, and 300 K.

to do with a; this is unreasonable. Revised Eq. (21) can
overcome such unreasonableness.

The third modification is as follows. Two coefficients, c1
and c2, in original Eq. (17) of Pasveer et al. [2] are taken
as fixed constants. Lee et al. [19] extracted values of c1
and c2 based on their simulation data under wider param-
eter ranges and found that c1 and c2 should be dependent
on N 0. Their simulations give values of c1= 1.54 × 10−2,
1.86 × 10−4, 1.62 × 10−8, and 2.75 × 10−17 and c2= 0.35,
0.44, 0.49, and 0.51, for values of N 0a3 = 10−1, 10−2,
10−3, and 10−4, respectively. Considering that the value
of N 0a3 should be a continuous variable in practical sit-
uations, we carefully analyze these data and deduce the
following simple expressions:

c1 = exp(−0.4338 − 1.7501a−1N−1/3
0 ), (22a)

c2 = 0.5268 − 0.384aN 1/3
0 . (22b)

Equation (22) is compared with simulation data in Fig. 1,
which shows that the agreement is excellent.

The improved mobility model in Eqs. (15), (17), and
(20)–(22) has four independent parameters: μ0, σ , N 0,
and a. Upon combining our M-I-M J -V formula with the
original mobility model of Pasveer et al., we have six
parameters: N 0, μ0, σ , b, Wan, and Wcat. We also have six
parameters with the improved mobility model of Pasveer
et al.: N 0, μ0, σ , a, Wan, and Wcat. We think that Eq. (22)
should be considered in revised Eq. (20). Because cur-
rent Eq. (11) is in proportion to the product, μ0N 0, if
Eq. (22) were not adopted in the revised mobility mod-
els, then we could merely determine the product μ0N 0 but
could not determine respective values of μ0 and N 0. This
implies that one redundant parameter exists among N 0
and μ0, if ignoring Eq. (22). Whereas the six parameters
become independent from each other, once considering
Eq. (22), and can be determined by fitting experimental
J -V data.
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FIG. 7. Theoretical curves, η(x), for devices made from PFO at 0.5 V [4] (a) and MEH-PPV at 2 V [5] (b) at 220, 260, and 300 K.
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IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we apply the above model and
formula to six diodes fabricated by using different materi-
als. Experimental data are taken from Ref. [4] for poly(9,9-
dioctylfluorene) (PFO); 270 Ref. [5] for poly[2-methoxy-
5-(2- ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV);
Ref. [20] for poly(9,9-dioctylfluorene-alt-BT) (F8BT);
and Ref. [21] for 4,4′,4′′-tris[2-naphthyl(phenyl)amino]
triphenylamine (2-TNATA), 2,2′,7,7′-tetrakis(N,N-diphe-
nylamino)-9,9-spirobifluorene (Spiro-TAD), and tris(4-
carbazoyl-9-ylphenyl)amine (TCTA). The thickness of the
organic layer and six model parameters are listed in
Table I, which show that the values of extracted param-
eters are reasonable. The reason for a large varying range
of μ0 is due to prefactor c1 of Eq. (22a) being fairly sensi-
tive to N 0a3, as shown in Fig. 1(a). If including prefactor
c1 of Eq. (20) in μ0, the varying range of μ0c1 would be
reduced.

Comparisons of fitting curves with experimental data
are shown in Figs. 2–4 for the six devices. Figures 2–4
show that the agreement of the results from our model with
experimental data is satisfactory. The results for F8BT in
Fig. 3(a) and TCTA in Fig. 4(b) are slightly unsatisfactory.
This may be because of three reasons. The first reason is
that the final transport mechanism or mobility model have
not been found, although several popular mobility mod-
els have been proposed [17–19]. The second reason is that
the theoretical J -V results at low voltage are very sensi-
tive to potential barriers, but the barriers are dependent on
temperature [22] or other factors [23]. The third reason is
that the contacts are possibly not ohmic. For example, Lous
et al. [24], Haldi et al. [25], and Yampolskii et al. [26] have
shown that the electrodes of organic devices are possibly
Schottky contacts; hot-carrier emission at contacts should
be considered to describe J -V data of diodes. Tang et al.
[27] proposed a strategy to form ohmic contacts for organic
devices. Lopez-Varo et al. [28] proposed that the carrier
density at contacts for the nonohmic contacts should be a
power function of current, pcontact = K1J m

contact + K2, with
three parameters: m, K1, and K2. It is our next working
aim to combine the general boundary conditions into our
model.

To analyze the influence of the parameters on the J -V
curves, in Fig. 5, we plot variations of J -V curves versus
the parameters Wan, Wcat, σ , and a. Figure 5(a) shows that
the J -V curves decrease if all other parameters are kept
unchanged, except for one parameter, Wan, which increases
from 0.4 to 0.5 eV, and Wcat increases from 0.8 to 0.9 eV,
respectively. It can be seen that the shape of the J -V curves
at the high-voltage side is more sensitive to Wan, whereas
the shape of the J -V curves at the low-voltage side is more
sensitive to Wcat. Figure 5(b) shows that the J -V curves
move down as σ decreases from 0.1 to 0.05 eV. The extent
of movement at low temperature is more evident than that
at high temperature. The J -V curves move down at the low-

and high-voltage sides as a decreases from 1.8 to 0.5 nm,
and the extent of movement at the high-voltage side is
more evident than that at the low-voltage side.

In the last line of Table I, we list the values of η̄ at
300 K. Table I shows that the values of the parameter η̄ for
four devices, PFO, 2-TNATA, Spiro-TAD, and TCTA, are
very close to one, so the degeneracy effect is possibly not
important for these four devices. But the parameter η̄ for
the other two devices, MEH-PPV and F8BT, is far larger
than one, so the two devices are degenerate. Table I also
shows that the values of σ for two devices, MEH-PPV and
F8BT, are far larger than those of the other four devices, so
it can be postulated that the degeneracy is mainly related
to the value of parameter σ . The larger the value of σ is,
the stronger the degeneracy is.

In Figs. 6 and 7, we plot curves of carrier density, p(x),
and degeneracy, η(x), for two devices, PFO and MEH-
PPV, at three temperatures. Figure 6 shows that the p(x)
curves for the PFO device are more gradual than those of
the MEH-PPV device. The p(x) is a decreasing function of
x, because Wcat is larger than Wan, and the threshold volt-
age, qVBI = Wcat − Wan, is positive. Figure 7 shows that
η(x) is a decreasing function of x and temperature, but the
difference between the values of the PFO and MEH-PPV
devices is very large. The value, 1.00, of η̄ at 300 K for
the PFO device is very close to one; the value of η(x) near
the anode is slightly larger than one. The PFO device can
be treated as nondegenerate. For the MEH-PPV device, the
value of η̄ at 300 K is 3.28; it should be degenerate. It is
meaningful to explore other properties of the MEH-PPV
material and devices, since it is evidently different from
other materials.

V. CONCLUSIONS

The Fermi-Dirac statistics is adopted to consider the
degenerate effects. The degenerate drift-diffusion equation
is analytically solved under the uniform-electrical-field
approximation. The analytical expressions for the current-
voltage relationship and carrier density are derived. The
mobility model of Pasveer et al. is improved to consider
correct characteristic length scales and combined with the
analytical solution to analyze the properties of six organic
diodes. The theoretical results are in good agreement with
experimental data. Six materials and device parameters are
extracted, namely, N 0, σ , μ0, a, Wan, and Wcat, and degen-
erate parameter η̄ at 300 K is deduced. It is shown that two
materials, MEH-PPV and F8BT, are degenerate. Although
four other materials can be treated as nondegenerate, the
degenerate effects are not negligible near the anode.
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