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Abstract The equation of p-n diode current-voltage (J-V) of
an organic heterojunction (HJ) including a hole and electron
buffer layer is derived, and its characteristics are numerically
simulated based on a polaron-pair model Giebink et al. (Forrest,
Phys. Rev. B 82; 1-12, 2010). In particular, the correlation
between a fraction of the potential drop for an electron/hole
buffer (0,— /9, —5) and for a donor (D)/acceptor (A) (9p/d,) is
numerically investigated for J-V curves. As a result, the lowest
diode current (DC) is obtained for the condition of 6, ,+3,=0
or dp+9d,—, = 1. It is suggested that it is important to charac-
terize the lowest DC curve for the state of D/A blending with a
condition of a fraction of the potential drop (J,— ;/9;, — ). Under
these circumstances, the transport of holes (4") from a DC
source at the reverse bias is effectively limited.

Keywords Organic heterojunction - Buffer layers - p-n diode
equation
1 Introduction

Electronic devices using organic semiconductors have ex-
tended the application fields of light-emitting diodes/
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displays [1-4], solar cells [5-9], organic field effect tran-
sistors [10—13], organic CMOS image sensors (OCIS)
[14—17], and other technologies. In general, all of these
devices consist of a p-n junction structure with bilayered
or blending type of the active layers. To improve the per-
formance of organic devices, an electron-transporting lay-
er (ETL) or hole-transporting layer (HTL) is designed to
add it or both into the system [18-20]. Particularly, in
order to characterize the image sensor device (CIS) per-
formance, diode current (DC) has been regarded as an
important control parameter. This is because the reduction
of DC is closely correlated with that of noises (e.g., shot
noise or pattern noise of the system) [21, 22]. However, to
reduce DC, it is rare to introduce electron and hole buffer
layers into the organic-heterojunction OCIS system and
then analytically derive DC equations to control a fraction
of the potential drops of these buffer layers. This paper
presents an analytic and numerical study of the DC re-
verse J-V characteristics of organic HJ devices using buff-
er layers. It is suggested that this method results in the
lowest simulated DC.

2 J-V Model of Diode Current Using Buffer Layers

Our J-V characteristics are based on a polaron-pair model
of organic heterojunctions, where recombination and gen-
eration (if excitons are considered) are used to govern
currents in the system [23]. The schematic in Fig. 1 shows
an energy-level diagram with anode and cathode injection
barriers ¢, and ¢, respectively. The barrier height be-
tween the donor and hole buffer layers and between the
acceptor and electron buffer layers is denoted by ¢,
and ., respectively. The built-in potential is given by
the work function difference between the cathode and
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anode. Note that interface dipoles can exist anywhere be-
tween layers. The starting equation of diode current (J-V

J =qga,————
1 kppd + kppr

characteristics) in the presence of exponential trap density
based on the polaron-pair model is shown below [1].

kypr kppd kppa
2 {krec,n <n1p1,—kpjn1 -,eqplz,eq> + krecp (p, ny l_%pl,ean t-eq) } M)
ppd.eq

kPP eq

where k.., describes a recombination between a free carrier
with a trapped carrier at the HJ interface. (The recombination
sites are at trap states.) The carrier densities at the HJ interface
(ny, py) are modeled via
6p(Va— Vi) /KT
pr= P (
b (Va— Dis) /KT
Dhp = pceq b ( b))/ (
pe = Nuowoe /¥ f(F,,T) 3
(
(
(

ny = neibquA(Vafybi)/kT

Ne-p = nceqﬁe*b(Vafge*b)/kT
—qIc/kT
ne = Nrumoe 99c/ f(FmT)u

where 0p/04 is the fraction of the potential drop of donor/
acceptor layers. V, is the applied bias, & is Boltzmann’s con-
stant, 7'is the temperature, and V), is the built-in potential. g is
the elementary charge, p;,—, is the hole density at the hole
buffer layer, p.. is the hole density at the contact, and ¢, _ is
the barrier height between hole buffer and donor layer. Ngono
is the density of state (DOS) at the donor highest occupied
molecular orbital (HOMO), ¢, is the injection barrier between
the anode and the hole buffer layer, F), is the electric field at

h-buffer

Cathode

D/A mixing

e-buffer

Fig. 1 A schematic of energy-level diagram of the anode, cathode, hole
buffer layer (h-buffer), electron buffer layer (e-buffer), donor (D), and
acceptor (4). Each barrier height is denoted by ¢, ¥, — 5, Pe— > @ €tC

the anode contact, and n, _, is the electron density at the elec-
tron buffer layer. n. is the electron density at the contact, ¢,
is the barrier height between electron buffer layer and acceptor
layer, Ny ymo is the DOS at the acceptor lowest unoccupied
molecular orbit (LUMO), .. is the injection barrier between
the cathode and the electron buffer layer, and F. is the electric
field at the cathode contact. d;,  ; is the fraction of the potential
drop of the hole buffer layer and 9, is the fraction of the
potential drop of the electron buffer layer. Note that the term
AF,, TYAF.T) is associated with Schottky barrier lowering
but here it is assumed to be one except in the presence of high
electric fields and/or low temperatures [1]. For Egs. 2 and 5,
the density of hole buffer (p,—;) and electron buffer (r,—;)
play a role of connecting interface density and contact density
where a fraction of the potential drop of hole buffer (&, ;) and
electron buffer (J,._ ;) and voltage drop of barrier height (¢, — 5
or @y, ) are introduced into the Eqgs. 2 and 5.

The trapped electron and hole densities at the HJ interface
(n,; and p,) are modeled via

n, = Nt_’Ae[Effﬁp—Ewmo(Va)]/kT,,A (7)
P, = Nt7De[EHOMo(Vu)fE§pr] JkTp (8)
Nyeg = N;‘Ae[Et(;L_ELUMO(O)]/kTM 9)
Preg = Nup ol Ernomo(0)-E, ] ITip (10)

where N, 4p is the density of the trap states at the acceptor/
donor. EP) trap 15 the trap energy level at the acceptor (n type)/
donor(p type). ELymo is the LUMO energy of the acceptor,
and Eyomo is the HOMO energy of the donor. 7, 4p is the
characteristic temperature for electron and hole trap distribu-
tion in the acceptor and donor. For Egs. 7 and 8, the trap
density energy level, E/"” wrap 15 Tegarded as materials’ char-
acteristics which is independent of the external applied bias
(Va). The subscript eq. denotes the thermal equilibrium value
in the absence of bias (V,=0).

Substituting above equations into the first part of Eq. (M)

(nlph—ki:;’iqnlveqpb,eq) and the second part of Egs. (M)

_ kppd 3
(p,nh Wl,eq”h,eq) yields
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Ni%lll\(/)[(g)eeq[—@[—5671,6‘4,—6,4 Vh,]/kTNt‘De[EHOMO<0>7E|(:;iy] /kTip _{qua/nDkT_kkad }’ (11)
ppd,eq
where q(0. -+ 0,4)Va/kT+ (Enomo(Va) — Exomo(0)V/KT,,
p=qV./ npkT
Ni}’(‘;i’io A D=0 D 500V i) /KT Nos e[EEfj,,—ELUMo(O)] kT4 { e /fukT_kkp:d } , (12)
ppd.eq

where q(0y, - »+0p)Va/kT+ (ELumo(0) — ELumo(V))KT,,
4=qVa I n kT
Therefore, Eq. M can be rewritten as

= JSD{qu“/"DkT——kppd }+JSA{qu"/"A"T——k""d } (13)

Kppd.eq ppd,eq
with
Tsp = qar— ., [Vishodseal-otesteaSal iy, polEnonol0) £} /iTio|
Ko + hgpe L ’ (14)
Jos = qao kppr —krec P [Nfa-?oog/?oe‘I[_@a“Sn—h@nfr(SD V/,,]/I(TNt.Ae[E((;)fELUMO(O)]/th.A]
keppa + kppr
Note that np, 1 is an index of how closely the given diode or ne
can follow the ideal diode equation for donors (np) and ac- "~ Z” Ji Vel mpkT Z” Ji oVl kT
. 175D i1 54 ‘
ceptors (n4), respectively. len{l =l o =l
0

If donors and acceptors are blended and each interface is
denoted by i-th interface, the Eq. 13 can then be written as

n n k
Jlot _ Ji— Ji { Vel nikT__ppd }
= E = E SD A
i=1 i=1

kppd €q

n i k
+ZJ3‘A{quH/nAkT_ ppd } (15)
i=1

kppd .eq

_ Jf)ot{qua/n“”kT_ kppd }7 (16)
kppd-,eq

From the above equations,
n

Ji'= D s+ ] (17)

i=1
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(18)

For Egs. 15 and 16, it is assumed that the blending
forms a finite number of interfaces which then contrib-
ute as a sum to total current density for the blending
consisting of n type and p type, because Egs. 13 and 14
correspond to the current density J consisting of a n/p
bilayer.

If the blending ratio is 1:1 (donors:acceptors), and n’; and
n' are equal for all the states assuming that the donor and the
acceptor phases of the system have the same electrical con-
ductivities (i.e., the same charge carrier mobilities), we can
write the Eqgs. 17 and 18 as

Jmt Jt()t
I = (19)
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qVa
len{; [qua/nAkT +qua/n,)kT:|}’

where
I 46y +00)Va ) KT~V [ kT (21)
}’leT e—b A a qVa t,.D
qVa

=q(0pp+ 0p)Va/kT +qV/kT; 4. (22)
I’lAkT

The energy of the HOMO and LUMO is considered from
the vacuum level. So Exomo(V.) — Enomo(0)= —¢V, and
Erumo(0)— Erumo(Va) = gV, are taken from Egs. 21 and 22.
The Eq. 19 is based on the average effects where each donor
and acceptor share 1/2 of measured value such as
Jot= % (donors) + % (acceptors)

Substituting Eqgs. 20-22 into Eq. 16 yields

Jrot :l{le’/” [38.7(6,,,h+60)+11.6] " eVﬂ [38.7 ({L,,,MA)—H.(,] }_1 (23)

J 2

with 7=300 K, 7, 4=7;»=1000 K. By simplifying the
effect of series and shut resistances, Eq. 23 can be rewritten as

Jet 1 VJ [38,7(5,, 57) 11A6] Ve-J [3&7(; 6)—11,6}
- {le( ) ks J +116| | 0im) G ti T (Vaed)L,

JeT2
(24)

Eq. (24) can be rewritten as
J;%{lemﬁ) [38.7(1—X>+11.6] I e(V‘,J)[38.7X11,6]} T VJ-, (25)

with constraint of 6, _,+dp+d._,+5,=1 where
X= 5@ -»t 5,4

The Eq. (25) can be approximated as shown below in case
of X« 0.5 (ie. X =0)

J;%{E(Va*J)SOS + e*(Va*J)ll.ﬁ} + VafJfl. (26)

In case of X»0.5 (i.e., X= 1), the Eq. (25) can be approx-
imated as stated below

J;%{e(’/“”)“‘é + e(VfJ)ZTI} +V,~J-1. (27)

The reverse J-V model is based on the thermal generation
currents from the depletion area

I~ L eV, (28)
Tgen

where #; is the intrinsic concentration of the material, 7, is
the generation life time, and ¥ is the depletion width which is
dependent on the square root of the applied voltage[22]. Note
that k is a proportionality factor and equals 10™ ", It is assumed
that once the materials are blended, a p/n junction is formed
due to the phase separation where the difference of each donor
and acceptor concentration determines the depletion width.
This width is proportional to 1/¥, on average. During simu-
lation, the J-V curve used is continuous at V=0, although the
model used is different at different biases.

3 Simulation Results and Discussion

Figure 2 shows a calculated diode current density (J)-
voltage(V) characteristics over the range from 0 to 1, using
Egs. 26 and 27 with the constraint of §;,— , + 6p+ 3, +,4=1
where X=),_,+d,. The plots show a correlation between
O¢—pt 0,4 (X) and 0p+dy,— 4 (1-X); Based on these numerical
results, the lowest DC is suggested to occur under the condi-
tion that d,_,+d,=0 or dp+d,_; = 1. Conversely, for the
highest DC following condition that §,_,+d,=1 or 6p+
0, —p» =0 is occurred. Particularly, at the reverse bias the trans-
port of the holes (4": from the source of DC generated at
defects) through the hole buffer layer can be limited under
the condition shown in Fig. 2 where X=0. Otherwise
(X=1), increasing DC is shown. Based on the simulation
results for the optimum condition for the lowest diode current
(DC), it is suggested that under 1:1 blending (D:A) d,_,+
0420 or dp+0d;,_p =1 is required. To fabricate a device re-
quiring such a condition, an donor and a hole buffer layer

J [a.u]
<«
Te
o,
S

..‘i_k\

L A

0.0 44 toa,

A

0.00 | AN X
v

. 'i}‘\
1

_0.05 1 1 1 i 1 i 1 i 1 i 1
03 -02 -01 0.0 041 02 03

Vv,V

Fig. 2 A calculated diode current J-V plot with different fractions of
potential drops of buffer layers and D/A layers under a condition of
X=0and X=1. Note that 4+ dp+09,,—+ 0. =1 Where X=0, -+,
showing the lowest diode current curve with X=0
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should be highly doped materials (i.e., highly p doped donor
and highly p-doped hole buffer layer). The reason for this is
that the interaction between charged carriers and doped mate-
rials can lead to the electrostatic potential difference/drop ef-
fectively when passing through the doped materials at the
reverse bias applied. This then leads to the lowest leakage
current for the system. This paper represents two significant
points: (1) numerical study of J-V characteristics on the or-
ganic HJ’s diode currents using an electron and hole buffer
layer in the system, and (2) particularly, study on the correla-
tion between a fraction of the potential drop for an electron/
hole buffer layer and D/A (donor/acceptor) layers, and sug-
gestion on the DC reduction model/simulation. Diode current
(DC) is associated with dark current (without
photoexCitation) which is closely related with noise reduction
in OCIS (organic CMOS image sensor) etc. This implies effi-
cient image processing possible. This paper, thus, suggests a
model/simulation to solve problems being addressed: how to
reduce DC using buffer layers fundamentally in electronic
imaging systems.

4 Conclusions

In this paper, the analytic equation of diode J-V characteristics
of an organic heterojunction consisting of a buffer layer is
derived and studied. As a result of numerical simulation, un-
der reverse bias, the lowest DC is determined for the following
condition: d,_,+d,=0 or dp+d,—p = 1. This mathematical
model can be used to understand and control/reduce DC for
various optoelectronic devices.
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