IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received March 3, 2020, accepted March 23, 2020, date of publication April 3, 2020, date of current version April 20, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2985309

Hot-Carriers’ Effect on the Performance of

Organic Schottky Diodes

LING-FENG MAO

School of Computer and Communication Engineering, University of Science and Technology Beijing, Beijing 100083, China

e-mail: mail_lingfeng @aliyun.com

This work was supported by the National Natural Science Foundation of China under Grant 61774014.

ABSTRACT Because thermionic emission or tunneling occurs when carriers overcome or tunneling through
the barrier for any Schottky diode, hot carriers caused by the applied electric field can enhance carrier
thermionic emission or carrier tunneling. An analytical and physical organic diode current equation that
includes hot-carriers effect on the diode current equation has been proposed. When organic diode current
equation has the same mathematical expression as Shockley diode current equation does, hot-carrier effects in
organic semiconductor diodes can be a physical origin of the ideality factor and can reduce the barrier height
for both band-like conduction mechanism and hopping conduction mechanism. The voltage-dependent
ideality factor and temperature-dependent ideality factor predicted by the proposed model agree well with
experimental data of organic semiconductor diodes reported in the literature. The proposed model can also
physically explain the experimental relation between the ideality factor and the effective barrier height. The
proposed model is useful in better physically understanding the carrier transport in organic semiconductor
diodes. It also benefits to better optimize the organic semiconductor diode performance by tuning material

properties.

INDEX TERMS Organic Schottky diode, organic semiconductor, Schottky barrier, thermionic emission.

I. INTRODUCTION

Organic semiconductor-based devices have been widely
studied due to their flexibility, large area, and low-cost
processability [1]-[18]. Organic semiconductor diodes are
one of the basic building blocks of the modern semicon-
ductor industry and organic semiconductors are still in the
developmental phase. The exponential behavior of organic
diode current can be described as the Shockley diode cur-
rent equation or thermionic emission current [1]-[8]. Dif-
ferent values of the ideality factors and Schottky barrier
heights under different applied voltage and temperature have
been reported [1]—[8]. Therefore, understanding the physics
behind the operation of organic semiconductor diodes (the
mechanisms governing charge transport and charge recom-
bination) is helpful to improve the performance of organic
semiconductor-based devices. A debatable issue occurs
because there are different charge transport mechanisms in
organic semiconductor-based devices [9]-[18]. A conven-
tional band like description [9] and hopping incoherently
from molecule to molecule [10] in organic semiconductor-
based devices have been reported.
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The Shockley diode current equation is believed to give
the current-voltage characteristic of an “idealized” diode,
which is widely used [19]. At the same time, Schottky diodes
are also named as hot-carrier diodes, it implies that the
thermionic emission current gives the main contribution to
the total diode current. But in most studies of these Schottky
diodes (for example, Ref. 6), the authors did not mention
any hot-carrier effect in their papers. It means that hot-
carriers effects in Schottky diodes are worthy of further study.
An ideality factor has been introduced into the Shockley
diode current equation for a measure of how the Shockley
diode current equation or the current equation of Schottky
diodes follows the ideal diode current equation [19]. Based
on the consideration of the ideality factor in the Shockley
diode current equation, the experimental data of diode current
can be described by the Shockley diode equation. Therefore,
the physical origin and the physical understanding of the
ideality factor in the Shockley diode current equation lacks.

On can note that thermionic emission current in semicon-
ductor diodes or thermally induced flow of carriers over a
potential-energy and the effects of the applied electric field
on the carrier velocity have been neglected in the conven-
tional semiconductor diode current equation [19]. In the
former studies, it has been found that hot-carriers effects
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caused by the applied electric field can have a large effect
on the performance of semiconductor devices. [20]-[33].
Hot-carriers effects in GaN-based devices can decrease its
channel electron density [20] and decrease its source-drain
current [21], [22]. Hot-carriers effects in the graphene-based
devices can reduce Schottky barrier height [23], shift its
spectra of Raman photo- and electro-luminescence [24], be a
physical origin of the ideality factor [25]. Hot carriers in
organic semiconductor-based devices can reduce their effec-
tive activation energy [26]. Hot-carriers effects in silicon
based-devices can reduce the barrier height [27], change its
tunneling current [28], decrease its channel electron density
[29], increase its gate leakage current [30], [31], change its
surface potential [32], affect its capacitance [33], [34], be a
physical origin of the ideality factor of Shockley diode current
equation [35].

The above results demonstrate that hot-carriers effects in
organic semiconductor-based devices should be considered in
modeling their performance. It also implies that hot-carriers
effects in organic semiconductor-based devices on carrier
transport should be considered. The purpose of this paper
is to develop a physical understanding of how hot-carriers
effects in organic semiconductor-based devices affect their
performance. For example, the ideality factor in the diode
current equation of organic semiconductor-based devices and
the reduction in the Schottky barrier height and the reason
why they depend on temperature, the applied voltage, etc.
In other words, discussing the physical origin of the ideality
factor and the reduction in the Schottky barrier height of the
organic semiconductor-based devices can shed some light on
how to physically understand and improve their performance.
The proposed model can explain the experimental relation
of how the ideality factor and the reduction in the Schottky
barrier height of the organic semiconductor diodes depend on
temperature, the doping concentration, and the applied volt-
age. The proposed model through its simplicity and analytic
nature gives a possible physical origin of the ideality factor
of organic semiconductor-based devices.

Il. THEORY

One can note that band like carriers transport in organic
semiconductor-based devices has been found in conduct-
ing crystalline organic semiconductors [9]. The conduc-
tion band (7* orbital) or the lowest unoccupied molecular
orbital (LUMO) and upper state of the valence band (rw
orbital) and corresponds to the highest occupied molecu-
lar orbital (HOMO) exist in organic semiconductors. The
charge transport takes place in w bonding and antibond-
ing orbitals or other terms in HOMO and LUMO levels.
The charged carriers usually transport by hopping from one
molecule to another. Different charge transport mechanisms
in organic semiconductors have also been reported [11]. This
leads to a debatable issue. Charge carrier mobility is an
important fundamental parameter in bulk-limited conduction
organic semiconductors, where transport phenomena can be
dominated by band transport or hopping transport. The carrier
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mobility is defined as the proportionality constant of the drift
velocity to the electric field strength. In other words, carriers
in an organic semiconductor-based device will get an addi-
tional drift when an electric field is applied. For a Schottky
junction, there are five basic transport processes (thermionic
emission, tunneling, recombination, diffusion of electrons,
and diffusion of holes) under the forward bias [19]. A diode
current requires that carriers overcome the Schottky barrier of
organic semiconductor-based devices. It means that tunneling
and thermionic emission will occur at the Schottky barrier.
One can note that the width of the space charge region in an
organic semiconductor diode is usually large (in the unit of
pm), which means that the tunneling current is very small and
can be neglected. This is the reason why only the thermionic
emission is considered in this article. In a word, diode current
due to tunneling can be neglected for the case of the diode
with a large space charge width, whereas tunneling may
come into the picture for explaining the current transport in
addition to thermionic emission for the case of the diode with
a narrow space charge width (for example, a highly doped
diode). Based on the above discussion, the band like carriers
transport has been firstly discussed in the following. Then,
the localized carriers transport in organic semiconductor-
based devices will be discussed based on phenomenology.

For a metal-organic semiconductor contact at thermal equi-
librium shown in Figure 1, the built-in potential for n-type
organic semiconductor and p-type organic semiconductor can
be written as

q¥er = qPB — qn = q (G — X) — qPu (1)
q¥Br = qoB — qbp = Eg — q (pm — X) — qdp )

where E, is the bandgap of the organic semiconductor, g¢p
is the barrier height, g¢,, is the work function of the metal,
gy is the electron affinity of the organic semiconductor,
q is the electron charge, ¢, is the Fermi potential from
the conduction-band edge in n-type organic semiconductor
(gpn = Ec — Er = —kgT In(Np/Nc¢)), ¢p is the Fermi
potential from the conduction-band edge in p-type organic
semiconductor (q¢, = Er — Ey = —kpTrIn(N4/Ny)), Er
is the Fermi level, N¢ is the effective density of states in
the conduction band of the organic semiconductor, Ny is the
effective density of states in the valence band of the organic
semiconductor, E¢ is the bottom of conduction-band of the
organic semiconductor, and Ey is the top of the conduction
band of the organiczsemiconductor. VzVith the complete ioniza-
tion assumption (‘2712” = % and ‘fix—‘zp = —%, the electric
field in the depletion region of n-type organic semiconductor
and p-type organic semiconductor via integrating the Pois-
son’s equation (the metal-organic semiconductor interface is
setas x = 0) is

Fx) = _gNp

(Wpp — x) &)

N

N
A (W — ) @

N

F() =
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FIGURE 1. The band diagram of a metal-n-type organic semiconductor
contact (a) metal-p-type organic semiconductor contact (b) at thermal
equilibrium.

where Wp,, is the width of the depletion region in the p-type
organic semiconductor at thermal equilibrium, Wp, is the
width of the depletion region in the n-type organic semicon-
ductor at thermal equilibrium, Np is the donor density of
the organic semiconductor, Ny is the acceptor density of the
organic semiconductor, and ¢; is the dielectric constant of the
organic semiconductor. When the potential in the inside of
organic semiconductor is set as zero, the potential of n-type
organic semiconductor and p-type organic semiconductor is

gNp

i) = = (- Wpn)? Q)
Es
N,
i (x) = ‘ngA (x — Wpp) 6)

N

For organic Schottky junction v; (x)|,—o = ¥pr at thermal
equilibrium, Wp, = /252 and Wp, = ,/—2V2 When
a uniform forward applied electric field F (Let F = V/Wp,
in other words. V applied to a metal-organic semiconductor
junction is the voltage drop across the total depletion region
at non- equilibrium, thus the electric field F(x, V) in the
depletion region of n-type organic semiconductor and p-type
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organic semiconductor

N,
F)=—22 Wy, —x) + %)
Es Dn
gN, \%4
F(x) = 8;‘ (Wpp — x) — T )

And thus the potentials of the n-type organic semiconductor
and the p-type organic semiconductor are

N \%

Vi (x) = ‘12: (= Won o 5o Won =) (9)
gN, |4

¥ (x) = — 28;‘ (x — Wnp)” — iy (Wop =) (10)

Eq. 7 and Eq. 8 (Eq. 9 and Eq. 10) demonstrate that the deple-
tion region in the metal-organic semiconductor at thermal
equilibrium will be divided into a depletion region and an
accumulation region after a forward applied electric field or a
forward voltage is applied to the organic diode. The depletion
region means a negative electric field in an n-type organic
semiconductor and a positive electric field in a p-type organic
semiconductor. The accumulation region means a positive
electric field for n-type organic semiconductors and a neg-
ative electric field for p-type organic semiconductors. The
boundaries between the depletion region and accumulation
region of n-type organic semiconductor and p-type organic
semiconductor occur at

&V
xg = Wpy — —— (11
" gNpWpn
&V
xg = Wpp — ——— (12)
r qNAWDp

It means that the accumulation region (from xg to Wp, or
Wpp) will occur when the organic Schottky diode is applied
to a forward electric field or a forward voltage. One can note
that the carriers will be accelerated in the accumulation region
of an organic semiconductor diode under the forward voltage.
The average net electric field across such an accumulation
region of the n-type organic semiconductor and the p-type
organic semiconductor can be obtained as

Wpn
F (x)dx
;E£ \% \%4

Won — x5 2Wpn ZZW
qND

Wpp

J F (x)dx
Faye = 2 = v - v (14)

Wpn — xB B 2Wpn N 2\/%
qNa

The thermal emission current should be the most possible
current conduction mechanism for a Schottky diode. And the
diode current density from the organic semiconductor into the
metal is [19]

Fae = (13)

o0
Jos—m = / qvidn (15)
q(Yer—=V)
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where v; is the carrier velocity along the transport direction
in the s region before over the barrier. According to the above
discussion, the carriers in organic Schottky diodes under
an applied forward electric field will get a drift velocity in
the accumulation region before they enter into the depletion
region. If the carrier velocity before entering the region (0 <
x < Wpy, or 0 < x < Wpy) is assumed to be v,, the carrier
velocity before over the junction barrier or the depletion
region can be written as

|4
= /NeVx = Vx + HeFave = vy + e ——— (16)
2Wpn

Vi = /npvy = Vx + nFave = v + tn an

2Wp,

where i, is electron mobility of the organic semiconductor,
wn is hole mobility of the organic semiconductor, n, and ny,
are factors for electrons and holes, that are related to the drift
velocity. Thus, Eq. 15 can be rewritten as

o
Josom = / g/Aavedn (18)
WB1—=V)

One can note that organic semiconductors are practically
insulators [11]. However the organic semiconductor is a
semiconductor or insulator or conductor, if its energy dis-
persion can be treated as a parabolic band, The electron
state volume of all three-dimensional materials in k-space
between energy E and E + AE can be obtained as g3p (E) =
oo ()
729 T 2n2 \ g2
sity of electrons in the parabolic band materials can be
obtained dn = 21—2 (%)3/2 EV/ z—dE Integrat-

7 h 1+exp( )

172 The three-dimensional den-

ing Eq.18 for electrons and holes,

P
ey (kgTL)? e 20

— T kpT, 2kgT,
Jos—m = 52 BTL ¢ 2FBTL (19)
St (kgTp)? _ adp ™,
Jos-ou = gL il S o)
272h

where kg is the Boltzmann constant, 77, is the device tem-
perature or lattice temperature, m} is the effective electron
mass, mz is the effective electron mass, % is the reduced
Planck’s constant. Therefore, the minimum velocity required
in the transport direction to surmount the potential barrier
region or the depletion region of an organic semiconductor
is glven by 2m*v2 ;m nev(z)x = q (Ypi — V) for electrons
and msz = %mhnhvéx = g (Yp; — V) for holes. Here,
vox 1s the minimum velocity for thermionic emission along
the transport direction in organic Schottky diode at x =
Wpy or x = W, It means that 2m*v% = q('/”” V) . Thus,
thermionic current for electrons and holes in orgamc Schottky
diodes can be written as
bi

v,

2 9on+ 5,
remg (ksTL)” %e# 21
272h3 @D

Vi
N (kBTL)2 (q¢P+ "h ) v

e kT ekgTLmn  (22)
T

Jos>m = ¢q

Jossm =q
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Comparing the above equations with the Shockley diode
equation and the conventional thermionic emission current
equation, ne and ny, should be equivalent to the ideality factors
n. ne and ny, in the proposed model are correlated with the drift
velocities according to Eq. 16 and Eq.17. There is no such
expression in the conventional thermionic emission current
equation because the drift velocities have not been considered
in the conventional thermionic emission theory. There is no
such expression in the conventional thermionic emission cur-
rent equation because the drift velocities have not been con-
sidered in the conventional thermionic emission theory. When
hot-carriers effects have been included in the thermionic
emission theory, a factor that is correlated to the drift veloc-
ity in the thermionic emission current equation has been
obtained. It can change the Schottky barrier height. It can
also introduce such a factor in the mathematic formal of the
exponential dependent term related to the applied voltage in
the diode current equation. Such ideality factors in the diode
current equation of organic semiconductor-based devices
physically origin from carriers becoming hot (an additional
drift velocity caused by the applied voltage). So does the
effective Schottky barrier that can also be concluded from the
above diode current equation of organic semiconductor-based
devices. According to Eq.21 and Eq. 22, the effective barrier
height of the n-type organic semiconductor diodes and the
p-type organic Schottky diodes can be written as

OBE = qPn + %
¢BE = qPp + %hbl (23)

According to the above discussion, the ideality factors in the
diode current equations of the n-type organic semiconductor
and the p-type organic semiconductor can be physically deter-
mined as

Vi \% \%
o= ey = L g
Vox 2Wpnvox 2 \/m Vo
gNp Y%
- e [266n—10=48)
4*Np x
%
=14 e 24)
2\/25v((1(¢m x)+kBTL1n(ND/Nc))
4*Np
Vi %4 \%
V”h=$=1+“hm=”“h7
sVBI
X pV0x 2\/qTAV0x
%
=1+ up
2\/283(Eg q(Pm—x)— q¢p)
4*Ny
0.5uRV
=1+ i (25)
2e5(Eg—q(m— x)+kBTL1H(NA/Nv))
4*>Na

Eq. 25 and Eq. 26 clearly shows that the ideality fac-
tor diode current equation of organic semiconductor-based
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FIGURE 2. (a) The electric field (b) the hole concentration in an organic

semiconductor with Nj of 3 x 1014 cm—3at the temperature of 300 K
under different forward voltage.

devices can be modulated by the work function of the metal,
temperature, the applied voltage, the doping density, the car-
rier mobility, the electron affinity, the dielectric constant of
an organic semiconductor.

In the following, temperature-dependent ideality factor,
voltage-dependent ideality factor, and temperature-dependent
effective barrier height in organic semiconductor-based
devices will be discussed in detail. For simplicity, only n-type
organic semiconductors will be analyzed in the following.
For a p-type organic semiconductor Schottky diode, a similar
mathematical derivation process can be performed.

Firstly, the temperature-dependent ideality factor will be
discussed. For band electrons in an organic semiconductor of
adiode, u ~ (T)~> and to u ~ (Ty)~2 at kT, < 2t and
kpT; < 2t with t = 143 meV, alnd a rather flat metallic-like
power-law behavior u ~ (1)~ 2 fo¥ the random diffusion gf
fully incoherent states & ~ (Tp)"2 [9]. For u ~ (Tp)™ 2,
we can assume u = A (Ty)”2 (A is the fit parameter)

65974

under —kgT7 In (%—g) < q(¢m — x), the ideality factor in
such organic semiconductor diode under one order Taylor
expansion is

_3 1
Ve = D+ET, ? (1 + 5FTL)

1 _1
= D+ ~FET, > +ET,

2
1\ 3
+E <TL 2) (26)

1 _1
— 2
=D+ FE(T,
AV kg In %
[2esq(@m—x)
2v0x 7‘;(]2[\/";

where D = 1,E = m
For u ~ (TL)_Z, we can assume [ = A(TL)_2 under

W

and F =

—kpTy In (%—g) < q(¢m — x), the ideality factor in such
organic semiconductor diode under one order Taylor expan-
sion is

1
Jn=xi=D+ET;? (1 + EFTL>
1
=D+ 5FET;‘ +ET? (27)

For u ~ (TL)_%, we can assume [ = A(TL)_% under
—kgTy In (][\V,—‘C)) < q(¢m — x), the ideality factor in such
organic semiconductor diode under one order Taylor expan-
sion is

_1 1
JVn=i=D+ET,? <1+§FTL>
1 1 _1
=D+ 5FETL2 +ET, * (28)

For a Schottkgf diode with disorder organic semiconductor

[10], u ~ e_ﬁB when the traps are homogeneously dispersed

and u ~ e ) fora GaBussian-type disorder (B is the fBit
parameter). For 4 ~ e "o, we can assume u = Ae 'L
under —kgT; In (%—KC’) < q(¢m — x), the ideality factor in
such organic semiconductor diode under one order Taylor
expansion is

_B 1
Ji=A=D+Ee 7L <1+§FTL>

~p+E(1- 2 (14 rr
~ T ik

1 1
— (D +E-— EEBF) — EBT; ' + 5EFTLl (29)

__B _ B
For 4 ~ e ()*, we can assume u = Ae (1) under
—kpgTy In (%—2 < q(¢m — x), the ideality factor in such
organic semiconductor diode under one order Taylor expan-
sion is

__B 1
Jn=i=D+Ee () (1 +§FTL>

"’D-i-E(l—i)(]—i-lFT)
(T,) 2t
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FIGURE 3. (a) The electric field (b) the hole concentration in an organic
semiconductor with a forward voltage of 0.6 V at the temperature
of 300 K for different Nj.

= (D+E)— EBT,* — %EFBTL_l + %EFTLI (30)

Secondly, the voltage-dependent ideality factor in organic
semiconductor diodes will be discussed. Note that the carrier
density exponentially decreases with its energy according
to Fermi-Dirac distribution, the energy around the required
minimum energy (mv3 = q (Y — V) will give a main
contribution to the thermionic emission current. If ¥p; > V,
Eq. 25 under one-order Taylor expansion can be rewritten as

\%

A e

Es
2y = vox

\%
——=V¥Br =V
9 [ 4esvmr

m*Np

—(1+37,)
1+
2 4ey 2y

Y Npm*

I+pn

2

I+pn
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V (V)

FIGURE 5. The square root of the ideality factor of organic semiconductor
diodes as a function of the applied voltage across the depletion region
under different temperatures. The experimental data from Ref. [1].

= (1+ L5uygy) + ——— (V — yigy)
Wi,/ 245
+ a V — ) 31)

4yp Wp | 248

where m™* is effective carrier mass. Eq. 32 describes the
dependent relationship between the ideality factor and the
applied voltage when the mobility is weakly dependent on
the applied voltage. Considering both the diagonal and oft-
diagonal disorders in the organic semiconductor, 1 ~ 8 2
and pu ~ 1% ~ % for completely drift controlled transport

12
CBF

in organic semiconductor [11]. If u = A is assumed,

Eq. 32 can be rewritten as

\% - \%
deg 2y

Y Npm*

AeBF Py v
Ly (1 n )
2. [_des 2951
Y Npm*
A(1+BV'/2)V 14
+ 14

2¢py

NCER T

deg
2 Y Npm*

A
4eg
2 V ¥ Npm*

If that u = % is assumed, Eq. 32 can be rewritten as

1+BVY/?+

BV
=14 + ) (32)

2ygr - 2Ypr

\% %4
Je & 14+ <1 + )
2 4ey 24rpr
Y Npm*
A \%
=1+—<1+—) (33)
2 4ey 2y
Y Npm*

Lastly, the temperature-dependent effective barrier height
in organic semiconductor diodes will be discussed, Accord-
ing to Eqgs. 23 and Eq.27, the effective barrier height of
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FIGURE 4. The square root of the ideality factor of organic semiconductor diodes as a function of the applied voltage across the
depletion region. (a) the experimental data from Ref. [1], (b) the experimental data from Ref. [2], (c) the experimental from Ref. [3],

(d) the experimental data from Ref. [4].

such organic semiconductor diode under one-order Taylor
expansion is

q (Pm — X) — qPn
_3 2
(1 +ET, 7 (14 %FTL>>
N, N,
= —kgTrIn~2 + (g (bm — %) + kpTr In -2
Nc Nc¢

_3 1
(1-2e (14 2rm))

N, 1
q (bm — Xx) — kg lnN—IC) (Tp)?

qPn +

q9BE

Np _1
- <q (pm — x) EF + 2EkpIn —) (Tp)"2
Nc¢

—2Eq (¢ — x) (TL) "2 (34)

Thus, the temperature-dependent effective Schottky barrier
height of such organic semiconductor diode can be conveyed
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by the equation

qppe < T (35)

where « is a parameter and o < 1.

In the above discussion, the hot-carriers effects in organic
semiconductor diodes whose current transport current is
dominated by the band-like conduction mechanism on their
performance have been analyzed. In the following, we will
discuss how hot-carriers effects in organic semiconductor
diodes whose current transport current is dominated by
the hopping conduction mechanism impacts on their per-
formance. For the case of organic semiconductor diodes
under the hopping conduction mechanism, the density of
states of an organic semiconductor can be described as
a series of Gaussian profiles have been concluded from
experiment [14], [15]:

1

dnos = Nos————————
1+ exp (Ek;?”)
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(E+qV —Enomo)*

XeXp<_ 20on)* )dE 36)

o~ 2w
1

1+exp<E EF)

dpos = Nos

(E+qV—ELumo)*

CXp (- ") )
x 2(0) dE (37)

(o L«/E

where Npg is the number of molecules of organic semicon-
ductors, Egomo is the Gaussian peak centered at HOMO
maximum with a standard deviation of oy, and Ep ymo is the
Gaussian peak centered at LUMO maximum with a standard
deviation of o1. The standard deviation for HOMO can be
estimated from the full width at half maximum (FWHM)
of experimental UPS [16] and inverse photoemission spec-
troscopy measurements [17]. In other words, a Gaussian type
of the density of states of organic semiconductors is just an
empirical conclusion or phenomenological conclusion. In the
following, the phenomenological conclusion of organic diode
current will be discussed and analyzed.

Considering the thermionic emission over the junction
barrier and the density of states of an organic semiconductor,
the current from the organic semiconductor to the metal can
be written as

1
Jos—m = CIVidNOS—EEF
Epn+qdBn 1 + CXP ( )
_M>
o P ( 2on)” dE (38)
oy~ 2T
0
Jos—m = / qVidNOSl#XOS
EFn+q¢Btl +exp( k T )
2
exp (_ (E+(1‘2/(;E)L2UM0) )
X L dE (39)

oL 2

Obviously, v; = vx + vgpp. Here, vypp is the velocity caused
by the applied voltage in the organic semiconductor. It is
similar to the drift velocity for the case of the band-like
conduction mechanism. Whether the current transport mech-
anism is the band-like conduction mechanism or the hopping
conduction mechanism, the experimental data of the current
through an organic semiconductor diode can be described
by the thermionic emission over the barrier [1], [2], [4], [6],
expressed by the standard diode equation [3], [5], [7], [8].
All these results imply that the experimental organic diode
currents have a similar mathematical expression. This implies
that integrating Eq. 39 and Eq. 40 will have a similar mathe-
matical expression of a conventional organic semiconductor
diode, that is

* 2
qén mg Y0x

Jos—m e FBTLe Xl (40)

If carriers in the organic semiconductors can not get addi-
tional energy from the applied electric field, the minimum
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velocity required in the transport direction to surmount the
potential barrier region or the depletion region is given by
%m*vz = ém va = g (Yp; — V) for electrons and ms 12 =
2mhv0x = g (Yp; — V) for holes energy, respectively On the
other hand, the minimum velocity required in the transport
direction to surmount the potential barrier region or the deple-
tion region will decrease when carriers get additional energy

from the applied electric field. It becomes that —m*v2 =

zmenev(%x = qp —V) and 5 l = thnhv(%x =
q (Ypi — V) for electrons and holes, respectively. After car-
riers with additional energy from the applied electric field
are considered, the organic diode current equation has the
following form

<q¢ +
Jos—m xe  FBIL

qllfb, )
qV

eTBTin (41)

where /n =1+ ’“ 2 if the velocity caused by the applied
voltage has been expressed as the same mathematical form as
the drift velocity for the case of band-like transport.

In summary, for a metal-organic semiconductor junction
and an inorganic semiconductor/organic semiconductor junc-
tion under the forward bias, the thermionic emission car-
riers are electrons in an n-type organic hole in a p-type
organic semiconductor. In other words, there are no sub-
stantial current differences between a metal-organic semi-
conductor junction and an inorganic semiconductor/organic
semiconductor junction when the carriers flow from the
organic semiconductor into the metal or the inorganic semi-
conductor. Because there is no depletion region in the metal,
it means that the hot-carriers effects in a metal/organic semi-
conductor junction when the carriers flow from the metal
into the organic semiconductor under a forward bias could
be neglected, whereas the hot-carriers effects in an inor-
ganic semiconductor/n-type organic semiconductor junction,
whether the carriers flow from the inorganic semiconductor
into the organic semiconductor or from the organic semicon-
ductor into the inorganic semiconductor under the forward
bias, should be considered.

One should note that the validity of a scientific model can
not be judged from whether the model itself is basic or simple.
On the contrary, the problem-solving principle (Occam’s
razor) demonstrates that entities should not be multiplied
without necessity. In this case, the one that requires the small-
est number of assumptions is usually correct. A scientific
model should be verified by the experimental results. Thus
the proposed model will be compared with the experimental
results.

IIl. RESULTS AND DISCUSSION

In the following calculation, the indium/rubrene single crystal
diode has been chosen for the calculation. The barrier height
at the indium/rubrene single-crystal interface is 1.0 eV (u =
0.85 cm?V=ls™! Ny = 247 x 10 ¢cm™3, and Vg =
—0.66 V) [12], the dielectric constant of rubrene is 3 [13],
and the effective hole mass in rubrene values from 0.65mg to
1.3 mg (mg is the free electron mass) [18].
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FIGURE 6. The comparison of the effective Schottky barrier height pgg of organic semiconductor diodes versus the reciprocal of the ideality
factor 1/n. (a) the experimental data from Ref. [5], (b) the experimental data from Ref. [6], (c) the experimental from Ref. [7], (d) the

experimental data from Ref. [8].

Figure 2 depicts how the applied forward electric field and
the hole concentration change with the position in the space-
charge region of an indium/rubrene single crystal diode under
different forward voltages. Figure 2a clearly shows that a
negative electric field in the space-charge will be found when
a forward voltage is applied to the diode. A negative electric
field here means that holes will be accelerated along the nega-
tive x-direction. In other words, carriers become hot because
they will get an additional drift velocity before overcoming
the barrier at the indium/rubrene single-crystal interface from
the applied forward electric field. This also represents that an
accumulation region will appear in the space-charge region.
Such an accumulation region can be easily found in Figure 2b.
Figure 2b demonstrates that the accumulation region becomes
more obvious when the applied forward voltage increases.
These results imply that the carriers become hot before over
the organic Schottky (junction) barrier under different for-
ward voltages.
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Figure 3 depicts how the applied forward electric field and
the hole concentration change with the position in the space-
charge region of an indium/rubrene single crystal diode at
a given applied voltage under different acceptor densities.
Figure 3a clearly shows that the negative electric field will
be larger for a larger acceptor density at a given applied volt-
age. This means that carriers become hot at a given applied
voltage from the applied electric field if the carrier mobility
keeps the same. Figure 3b further support that there is an
accumulation region when a forward voltage is applied to an
indium/rubrene single crystal diode.

For the case of band-like conduction in organic semi-
conductor diodes, the square root of the ideality factor in
the diode current equation of organic semiconductor diode
dependence on the voltage can be described that /n o
Co+ C1V + V2 according to Eq. 32. Here Cyp, C1, C; are
fitting parameters. Figure 4 demonstrates that the proposed
model can fit these experimental relations observed in organic
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semiconductor diode very well. The data of Fig. 4a are from
the polymer: fullerene bulk heterojunction solar cells [1].
The data of Fig. 4b are from the bulk heterojunction organic
photodiodes with inverted device geometry and poly (styre-
nesulfonate) [2]. The data of Fig. 4c are from the P3BHT:ICBA
based polymer solar cells [3]. The data of Fig. 4d are from the
perovskite solar cells [4].

Figure 5 further demonstrates that the proposed model
is valid for describing the voltage-dependent ideality fac-
tor under different temperatures. These experimental rela-
tions between the ideality factor and voltage observed in
organic semiconductor diodes under different temperatures
can be fitted very well by the proposed model. The data of
Fig. 5 are from the polymer: fullerene bulk heterojunction
solar cells [1].

For the band-like conduction mechanism in organic semi-
conductors, the effective barrier height dependence on the
ideality factor in organic semiconductor diodes can be
described that ¢pg % according to Eq. 23 and Eq. 24.
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Figure 6 shows how the effective barrier height ¢gg changes
with the reciprocal of the ideality factor 1/n in organic semi-
conductor diodes. This figure clearly demonstrates that the
experimental effective barrier height ¢pg versus the recip-
rocal of the ideality factor 1/n plots can be well described
by using Eq. 27 for organic semiconductor diodes. The data
of Fig. 6a are from the Au/PVC 4 TCNQ/p-Si Structures
[5]. The data of Fig. 6b are from the polyvinyl Alcohol/n-
InP Schottky diodes [6]. The data of Fig. 6¢ are from the
Au/PoPDA/p-Si/Al heterojunction diodes [7]. the 6d are from
the Au/TPP/p-Si/Al solar cells [8]. These results also prove
that the proposed model is valid for modeling the organic
semiconductor diodes.

For the band like conduction mechanism in organic semi-
conductors, the square root of the ideality factor dependence
on the temperature in organic semiconductor diodes can be

_1 _3
described that /n o« ET, * + %TL % according to Eq.
27. Figure 7 depicts how the ideality factor of organic semi-
conductor diodes changes with temperature. It can be easily
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concluded from this figure that the proposed model (/n
1 3

ET, > + EET, ?) can describe the experimental data very
well. The data of Fig. 7a are from the Au/PVC + TCNQ/p-
Si Structures [5]. The data of Fig. 7b are from the polyvinyl
Alcohol/n-InP Schottky diodes [6]. The data of Fig. 7c are
from the Au/PoPDA/p-Si/Al heterojunction diodes [7]. The
data of Fig. 7d are from the Au/TPP/p-Si/Al solar cells [8].
These results also prove that the proposed model is valid for
modeling the organic semiconductor diodes.

For the band like conduction mechanism in organic semi-
conductors, the effective barrier height dependence on tem-
perature in organic semiconductor diodes can be described
that gppr o« T according to Eq. 36. Figure 8 depicts how
the effective barrier height in organic semiconductor diodes
changes with temperature. It can be easily concluded from
this figure that the proposed model (gppg o T%) can describe
the experimental data observed in organic semiconductor
diodes very well. The data of Fig. 8a are from the Au/PVC
+ TCNQ/p-Si Structures [5]. The data of Fig. 8b are from
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the polyvinyl Alcohol/n-InP Schottky diodes [6]. The data of
Fig. 8c are from the Au/PoPDA/p-Si/Al heterojunction diodes
[7]. The data of Fig. 8d are from the Au/TPP/p-Si/Al solar
cells [8]. These results also prove that the proposed model is
valid for modeling the organic semiconductor diodes.

In summary, one can note that the Schottky barrier should
be a constant and the ideality factor should be 1 when
there are no hot carrier effects in organic semiconduc-
tor diodes. Figure 2 and Figure 3 clearly show that the
thermionic emission electrons can become hot because they
will get an additional drift velocity before overcoming the
barrier at the indium/rubrene single-crystal interface from
the applied electric field. It can be concluded from both
figures that the thermionic emission electrons become hotter
for a larger applied voltage. In other words, the Schottky
barrier height seen by hotter emission electrons should be
reduced. It implies that there will be a dependent relationship
between the Schottky barrier height and the applied voltage.
Figures 6 and 8 demonstrate that the Schottky barrier height is
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not constant and it depends on the applied voltage. Similarly,
the ideality factor will depend on the applied voltage. Figures
4, 5 and 7 show that the ideality factor is not 1 and it depends
on temperature. All these experimental results demonstrate
that the experimental phenomena can originate from the hot-
carrier effects in organic semiconductor diodes.

IV. CONCLUSION

Under parabolic band approximations (the band like con-
duction mechanism) or phenomenological analysis (the hop-
ping conduction mechanism) on the organic semiconductor
diodes, the impacts of the hot-carriers effects on the diode cur-
rent in organic semiconductor diodes caused by the applied
forward voltage on diode current have been physically mod-
eled. The proposed model predicts that the hot-carriers effects
can be a physical origin of the ideality factor and reduce
the Schottky barrier height in the diode current equations
of organic semiconductor diodes. The proposed model can
describe the experimental diode current data of organic semi-
conductor diodes reported in the literature very well. At the
same time, the comparison between the proposed model
based on the band-like conduction mechanism in organic
semiconductors and the experimental results shows that the
model based on the band-like conduction mechanism is valid
for modeling the performance of the organic semiconductor
diodes. The physical origin of the ideality factor in the organic
semiconductor diode current equation proposed in this paper
provides a way of including the hot-carriers effects in the
diode current equation. By comparing the results predicted
by the proposed model with these experimental finds in
organic semiconductors, it can be proved that such a model
can describe the experimental diode current data of organic
semiconductor diodes reported in the literature very well.
Because the ideality factor or the effective Schottky barrier
height in the diode current equation of organic semiconductor
diodes is intuitively expressed that depends on the applied
forward voltage, temperature, and the doping concentration,
it is possible to accurate and physical modeling the effects
of material parameters on the performance of organic semi-
conductor diodes. It can help us to physically understand
the conduction mechanism in organic semiconductor-based
devices that remains debated. It is also helpful for us to
optimize the performance of organic semiconductor-based
devices via tuning physical parameters.
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