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Charge accumulation at the organic heterointerfaces in multilayer organic light-emitting diodes
(OLED:s) is an important process for understanding their device operation, efficiency, and degradation
properties. Charge accumulation behavior has typically been analyzed in terms of the energy barrier
and difference of the charge carrier mobility across heterointerfaces. In this study, we demonstrate that
permanent dipole moments and their orientational order also play a significant role in the charge
behavior at organic semiconductor interfaces. The charge accumulation properties of bilayer devices
composed of polar or nonpolar molecules deposited on a 4,4’-bis[N-(1-naphthyl)-N-phenylamino]
-biphenyl layer between the anode and cathode were examined by displacement current measurement
and impedance spectroscopy. In addition, Kelvin probe measurements for the corresponding bilayer
structures excluding the cathode were performed to analyze the relationship between the potential
profile and charge accumulation properties of the bilayer devices. We found that several polar
molecules including tris-(8-hydroxyquinolate) aluminum, 1,3,5-tris(1-phenyl-1 H-benzimidazol-2-yl)
benzene, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), and 1,3-bis[2-(4-tert-butylphenyl)-1,
3,4-oxadiazo-5-yl]benzene (OXD-7) are spontaneously ordered in evaporated films, and orientation
polarization remains in bilayer devices. Orientation polarization leads to interface charge which
determines the least amount of accumulated charge in the device under operation. The estimated
interface charge density for these molecules ranged from —2.3 (OXD-7) to —0.5 (BCP) mC/m>.
Furthermore, impedance spectroscopy revealed that the presence of a permanent dipole moment can
suppress the charge dispersion along the interface probably owing to the microscopic potential
fluctuation formed in the vicinity of the interface. These results indicate that the permanent dipole
moment and orientation polarization contribute to the efficient charge accumulation at organic
heterointerfaces and are important parameters for understanding and controlling the charge carrier

dynamics in multilayer OLEDs. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4724349]

. INTRODUCTION

Charge accumulation behavior at organic heterointerfa-
ces in multilayer organic light-emitting diodes (OLEDs) has
been extensively studied using various experimental meth-
ods and theoretical models, because understanding their
behavior is essential for improving device performance.'™®
Accumulated charges can serve to tune the electric field dis-
tribution to achieve better charge balance. Moreover, accu-
mulated charges in the emission layer of OLEDs increase
the probability of exciton formation, thus, leading to better
efficiency."” However, in tris-(8-hydroxyquinolate) alumi-
num (Alqsz)-based OLEDs, the charged molecules accumu-
lated near the emission region can also act as exciton
quenchers,®” and the presence of the Alqs and 4,4'-bis
[N-(1-naphthyl)-N-phenylamino]-biphenyl (¢-NPD) cation
species is considered responsible for device degradation.®’
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Therefore, detailed understanding of charge accumulation
behavior is required to develop highly efficient multilayer
OLEDs with appropriately constructed interfaces.

Four elements related to charge accumulation in multi-
layer OLEDs should be considered: (i) energy barrier, (ii)
mobility mismatch, (iii) charge recombination ratio, and (iv)
space charge.”'” Here, the space charge includes real and
polarization charges. Polarization charges are typically
induced by external electric fields and commonly appear as
the dielectric constant in the device parameter. In addition, if
a device contains polar molecules, contributions from their
permanent dipole moments should be considered. In fact,
numerous molecules used in organic semiconductor devices
possess a permanent dipole moment, and the effects of the
dipole moment have been studied in terms of the charge
transport properties of amorphous films containing such po-
lar molecules. The presence of dipolar disorder leads to
lower carrier mobility in a film because dipole moments
induce different local electric fields and thus increase the
width of density of states.'"'? A similar effect has been

© 2012 American Institute of Physics
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reported in the transport properties of organic field effect
transistors (OFETs), in which the dipolar disorder in the gate
dielectric material results in lower charge carrier mobility of
the adjacent organic semiconductor film."*™* In addition to
these effects of individual dipole moments, contributions
from their assembly, such as orientation polarization in a
film, are essential for the comprehensive understanding of
charge accumulation properties; however, compared to other
parameters, they have not been studied sufficiently.

Recently, we proposed that interface charge in an
Alqz-based OLED originates from the orientation polarization
in the Algs film.'® Interface charge was first detected by Briit-
ting et al. at the o-NPD/Alq; interface in the bilayer
OLED.>"’ They found that the hole injection voltage (Viy;) of
these devices appears lower than the built-in voltage (Vy;),
and it shifts to the negative side with increasing Alqgz film
thickness. This behavior is well explained by assuming a con-
stant amount of negative fixed charge at the «-NPD/Alq; inter-
face. Interface charge density (oi,) was estimated to be ca.
—1.1 mC/m?. The interface charge defines the least amount of
the accumulated charge in the operating device. This is
because charge accumulation occurs at biases below Vy,; and
the actual current starts flowing after the compensation of
interface charge by accumulated charge. Moreover, Kondakov
et al. have reported that the apparent gi, decreases in propor-
tion to the degradation of luminous efficiency.'® However, the
origin of the interface charge still needs to be clarified.

Tto et al. reported the formation of giant surface potential
(GSP) in an Alqs film and its decay by light irradiation.'” The
surface potential of an Alqgs film on a Au substrate shows lin-
ear growth with a slope of 50mV/nm as the film thickness
increases. The surface potential reaches 28 V at 560 nm but
diminishes by light absorption of the Alq; film. Complemen-
tary studies using optical second harmonic generation (SHG)
revealed that GSP originates from the spontaneous order of
the permanent dipole moment of Alqs.'®° These results indi-
cate that the Alqs film has orientation polarization that indu-
ces a constant surface charge of 1.42 mC/m? on the film
independent of its thickness. This value is similar to oy, found
at the o-NPD/Alq3 interface in OLEDs, but the polarity is op-
posite. However, the same amount of negative charge should
exist at the bottom side of the Alqs film, and this negative
charge should appear at the a-NPD/Alqs interface in bilayer
OLEDs, where Alqs is deposited on the «-NPD layer. Because
of the light-induced decay property, it has been believed that
GSP does not persist in the actual device. Furthermore, GSP
has not been studied in terms of device properties; however,
GSP can induce the interface charge, if the orientation polar-
ization persists in the actual OLEDs.

GSP is not a unique property of Alqs films. It has been
found in films of several compounds such as metal com-
plexes,”'  1,3,5-tris(1-phenyl-1 H-benzimidazol-2-yl)benzene
(TPBi),** and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP).> Furthermore, the presence of interface charge
has also been suggested at the «-NPD/1,3-bis[2-(4-tert-
butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7) inter-
face."” Kondakov er al. reported voltammetry data for several
devices in which charge injection voltage appears at the
reverse biasing voltages, suggesting the presence of interface
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charge.*** These studies imply that interface charge and
GSP can exist even in common OLEDs; however, a direct
comparison between interface charge and GSP has not yet
been demonstrated. Clarifying the role of polarization charge
for the charge accumulation properties of a device is essential
for a more accurate understanding and control of device
properties.

In this study, we performed displacement current meas-
urements (DCMs) for bilayer devices consisting of «-NPD
and several kinds of polar or nonpolar molecular layers, and
Kelvin probe (KP) measurements for the corresponding
bilayer structures for a quantitative comparison between inter-
face charge density and GSP intensity. We found that films
composed of polar molecules exhibit GSP behavior and inter-
face charge appears in devices containing such films; how-
ever, neither GSP nor interface charge appears in devices with
films composed of nonpolar molecules. These experimental
results strongly suggest that orientation polarization induces
interface charge in bilayer devices. In addition, we examined
the charge behavior at the interface in bilayer devices using
impedance spectroscopy (IS) and found that the presence of a
permanent dipole moment in the vicinity of an organic hetero-
interface suppresses the charge spreading along the interface.
This behavior can be explained by the microscopic potential
fluctuation due to the dipole moment in the adjacent film. Our
results clearly demonstrate that the permanent dipole moment
of a molecule and its orientational order in the evaporated
film are important factors for understanding and controlling
the charge accumulation properties of a device.

Il. METHODS

DCM is a type of capacitance-voltage (C-V) measure-
ment that uses a triangular wave form as the applied voltage
and measures both actual and displacement current responses
(iact and igis). When the sweep rate of the applied triangular
voltage (dV /dr) is sufficiently slow compared to the transient
response of charges in the device (at the quasi-static limit),
the measured current (ipcym) can be expressed as in!%-26

av
app E )

ey

iDCM = iact +C

where C,p, is the apparent capacitance of the device. Cypp
directly provides information regarding the charge injection/
extraction and accumulation properties of a device. Figure
1(a) shows a schematic illustration of a typical DCM curve
for a bilayer device; for simplicity, the second layer (the cath-
ode side) is assumed to be an insulator. A DCM curve has
three states; depletion, intermediate, and accumulation. In the
depletion state, no charge carriers exist in the device, and
thus, the observed Cyp, corresponds to the total capacitance of
the device [Fig. 1(b) (i)]. On the other hand, C,, increases to
the capacitance of the insulating layer in the accumulation
state because the injected charges from the anode accumulate
at the interface between the first and second layers, and then,
only the second layer functions as a dielectric layer [Fig. 1(b)
(ii1)]. In addition, an intermediate state between the depletion
and accumulation states often appears in DCM curves. The in-
termediate state suggests change in the depletion width in the
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FIG. 1. (a) Schematic illustration of a typical DCM curve for a bilayer de-
vice. There are three states in the DCM curve: (i) depletion, (ii) intermedi-
ate, and (iii) accumulation. Vi, and V. are defined by the intersection of
the extended lines from each state. The amount of accumulated charges at
the interface is proportional to the gray area. (b) Schematic illustrations of
charge location in the bilayer device in each state.

first layer [Fig. 1(b) (ii)], which can originate from the pres-
ence of intentional or unintentional dopants and the charge
filling process of gap states. Here, we define the onset of
charge injection from the electrode, Vj,j, and accumulation at
the interface, V., as the intersection of the lines extending
from each state, as shown in Fig. 1(a).

The interface charge density of bilayer devices can be
evaluated by the DCM technique.?”-*® If negative interface
charge exists in a bilayer device, hole injection occurs at
biases lower than the threshold voltage of the actual current
(Vin)- In this bias range, the second layer acts as an insulator;
in other words, no charges cross the interface. Therefore, the
energy barrier and mobility mismatch at the interface are not
responsible for the amount of accumulated charge. Hole
injection starts at Vi,; and the injected holes penetrate into
the first layer through the intermediate state. At V., the
injected holes reach the heterointerface and accumulate until
the negative interface charge has been compensated.'” Thus,
oint can be obtained as

Vin
1 (DCM) = J CapplV. @

acc

Although quasi-static DCM is similar to conventional C-V
measurement, DCM detects both injected and extracted
charge carriers and hence can obtain the amount of trapped
charge as well as polarization switching in a device. This is
because the true current (not the root mean square) is meas-
ured as a function of time and applied voltage. The details of
this technique are described elsewhere.'%*®

In addition, we measured the surface potential of the
bilayer structure by the KP method to examine the correla-
tions between GSP and interface charge. The observation of
GSP strongly suggests the presence of orientation polariza-
tion in the film and o, can also be evaluated from the thick-
ness dependence of GSP. According to the principle of
electric flux density continuity, the interface charge density
between films 1 and 2 is given by

J. Appl. Phys. 111, 114508 (2012)

d d
oint(GSP) = ¢ a‘bl — 625‘1)2, 3)

where ¢, and @, (n = 1,2) are the dielectric constant and
surface potential of the film n, respectively, and the x axis
corresponds to the surface normal. Here, the real and polar-
ization charges can be the origin of oj,.. Because GSP is pro-
portional to film thickness, the product of the GSP slope and
dielectric constant gives us interface charge density.

The charge carrier behavior at organic heterointerfaces
was examined using IS and analyzed by C-V and
capacitance-frequency (C-f) curves.” In these measurements,
an alternating voltage modulation (Vace/”™) superimposed
on a steady-state offset (Vpc) is applied to the device and the
ac response including amplitude (iac) and phase shift (¢) are
measured with respect to the applied ac modulation. Because
the equivalent circuit of OLEDs can typically be described as
a parallel circuit of resistance and capacitance, the capaci-
tance at a given Vpc and fis derived as

1 Z//
Clf) = ———, 4
where
e A _ Vac
Z—Z()e —Z+]Z andZo—,—.
IAC

The C-V (C-f) curves at a given f (Vpc) were measured by
scanning Vpc (f).

lll. EXPERIMENTAL

For the DCM and IS measurements, we fabricated bilayer
devices that had the structure of indium tin oxide (ITO)/
o«-NPD/X/Al or Au [Figs. 2(a) and 2(b)], where X indicates
polar (Algz, TPBi, BCP, OXD-7) or nonpolar molecules [1,4-
bis(triphenylsilyl)benzene (UGH-2), 4,4’-bis(N-carbazolyl)-1,
1’-biphenyl (CBP)]. The structure and basic properties of
these molecules are summarized in Fig. 3 and Table I, respec-
tively. The films in each device were successively formed
through a conventional evaporation technique under a high
vacuum condition at a base pressure of ~ 10~* Pa. Note that
samples were fabricated in the dark without ion gauge opera-
tion throughout the film deposition processes, because ambi-
ent light and ion gauge operation can change the electronic
properties of the resultant device.>® The samples were directly
transferred to a glove box filled with nitrogen, and the elec-
tronic properties were measured in the glove box or a vacuum
chamber. The measurement setups are shown in Figs. 2(a)
and 2(b).

For the DCM measurements, we employed the FCE-1
measurement system for ferroelectrics (Toyo Corp.). All DCM
curves shown in this paper were measured at a sufficiently low
sweep rate (1 V/s) at room temperature. The surface potential
of the films was measured under a high vacuum condition by
the KP method (McAllister KP6500) using the work function
of the ITO substrate as reference. The films were successively
deposited on the ITO substrate and the surface potential was
measured in situ at each step of the deposition. The
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FIG. 2. Schematic illustration of the sample structure and experimental setup
for (a) C-V and C-f, (b) DCM, and (c) KP measurements. For C-V and C-f
measurements, a cross-bar structure was employed. The width of the top and
bottom electrodes was 2mm and the area of the organic films was 12 x 12
mm?. For DCM, an island-type top electrode with a diameter of 1.5 mm was
used. The broken lines in (a) and (b) indicate where the cross-section for the
profiles was taken. Tip of KP with a diameter of 5mm was located about
0.5 mm above the film surface.

experiment was performed in the dark without ion gauge oper-
ation to avoid altering the surface potential. The C-V and C-f
curves were measured using a frequency response analyzer
(Solartron SI 1260 impedance/gain-phase analyzer) combined
with a dielectric interface (Solartron 1296) at temperatures of
200-350 K. For the C-V measurement, Vpc was swept at fixed
frequencies of 1-10° Hz, whereas for the C-f measurement, f
was varied from 1072 to 10’ Hz at a given Vpc. Vac was set
to 0.1V for all measurements.

IV. RESULTS AND DISCUSSION
A. Interface charge and orientation polarization

Figure 4 shows the typical surface potential of «-NPD
and Alqs films as a function of film thickness. A clear GSP

J. Appl. Phys. 111, 114508 (2012)

&

Polar molecules

/N\\” N//N\
o)\©/ko

5 (OXD-7)

Non-polar molecules

Q_0_ o 0
OFO N
U5 599

FIG. 3. Chemical structures of the molecules used in this study. Here, 1-5
are polar, whereas 6 and 7 are nonpolar molecules.

7 (CBP)

behavior with a slope of 48 mV/nm is observed for the Alqs;
film, indicating that the film has orientation polarization.
The corresponding surface charge density is 1.36 mC/m?
with a relative dielectric constant 3.2 estimated from capaci-
tance measurement. A potential jump of about 0.2eV is
observed at the interface region (A in the bottom inset); this
jump implies the presence of an interface dipole that results
in a vacuum level shift.*! Interestingly, the «-NPD film also
shows weak GSP behavior (~5.3mV/nm, top inset); thus,
the total oy, of the o-NPD/Alqs interface can be estimated
as —1.2 mC/m? [Eq. (3)]. GSP behavior also appeared in the
films composed of the other polar molecules including
OXD-7, BCP, and TPBi (Fig. 5). The largest GSP was
observed in the OXD-7 film, i.e., 68 mV/nm corresponding
to —1.6 mC/m? of 0int(GSP). On the other hand, the surface
potential of the films comprising the nonpolar molecules,
UGH2 and CBP, does not show GSP, although it weakly
depends on the film thickness probably owing to charge
transfer from «-NPD. The results are summarized in Table L.

Figure 6(a) shows a typical DCM curve for the bilayer
device, in which an Alqgs film was used as the second layer.
According to the observed DCM curve, the carrier behavior
of this device can be explained as follows. The triangular
bias sweep starts at —5 V. Around the start voltage, current
density is maintained at a lower level (~0.026 yA/cmz). Capp
corresponds to the total capacitance of the device in this bias
region, indicating that the device is in the depletion state [(i)
in Fig. 6(b)]. Subsequently, the current increases at a voltage
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TABLE I. Interface properties of OLED-related materials. The dipole moment (p) was calculated by caussian 03 with a basis set of B3LYP/6-31 G(d). AEyps
is the highest occupied molecular orbital energy offset directly measured through ultraviolet photoelectron spectroscopy (UPS).*® The films were deposited on
the o-NPD film unless explicitly stated. The relative dielectric constant (¢,) was determined from the capacitance measurement. ai, (GSP) is derived from
Eq. (3) and iy (DCM) is estimated by integrating DCM curves [Eq. (2)]. (i: Ref. 40, {: «-NPD on Alq3,31 *:on ITO,*x*: The surface potential slightly depends
on the film thickness (but not proportionally) probably owing to the charge transfer; however, the slope was estimated from the best-fit line in the same manner

as for the other films./: not applicable).

TPBi BCP Algs 0XD-7 CBP UGH2 a-NPD
p (D) 2.0 2.9 4.4 6.5 0 0 0.6
e 2.8, 345 3.2 2.9 27, 2.8, 335
AEups (eV) 115 1.0% 0.3' 13 0.6 2.0 /
GSP slope (KP) (mV/nm) 43 33 48 68 0.7+ —o 5.3
GSP slope (DCM) (mV/nm) 37 12 34 87 —6.5 —62 /
in (GSP) (mC/m?) —-0.93 —0.84 ~12 ~1.6 0.74 0.21* 0.16
i (DCM) (mC/m?) —1.1 —0.51 ~1.1 23 0 0 /

of —1.25V (Vjyj) owing to hole injection from the ITO sub-
strate. The current increases until the biasing voltage reaches
—0.46V (Vyaee). At Vo, the 2-NPD layer is expected to be in
the flat-band condition, and thus, the potential due to inter-
face charge builds up in the second layer [(ii) in Fig. 6(b)].
The current again shows constant intensity at voltages lower
than 1.9V (V). Cypp in this bias region corresponds to the
capacitance of the Alqs layer, indicating that hole accumula-
tion occurs at the o-NPD/Alqs interface. Vy, corresponds to
the threshold voltage of the actual current and it agrees well
with Vy; of the device (typically ~1.9 V) estimated from the
open-circuit voltage during intense white light irradiation.
This indicates that when the accumulated holes compensate
interface charge, the flat-band condition is achieved through-
out the device and the actual current flows through the de-
vice [(iii) in Fig. 6(b)]. iy is estimated from the DCM curve
to be —1.1 mC/m? [Eq. (2)].

Figures 7(a) and 7(b) show the DCM curves for bilayer
devices of Alqgs containing various combinations of film
thicknesses. The current density at the accumulation state is

10
S 8 -
IS
=y !
Q 6 Slope=48 mV/nm
3
§ AT 05 ]
t a-NPD  Alg, 04r y
N 2t +— —» 0.3} + .
: 0.2.AL
: 0.1
0 38 40 42 44 46 48 50 52 -

100 150
Film thickness [nm]

0 50 200 250

FIG. 4. The surface potential of the Alq; and «-NPD films as a function of
film thickness. The Alqs film was deposited on an «-NPD film on an ITO sub-
strate. The «-NPD/Alq; interface is located at a film thickness of 40 nm. The
surface potential of the Alqs film grows linearly with a slope of 48 mV/nm,
although a nonlinear region appears within several nanometers from the inter-
face (bottom inset). The potential jump at the Alqs/o-NPD interface (A) sug-
gests the presence of an interface dipole. The «-NPD film also shows weak
GSP behavior with a slope of ca. 5.3 mV/nm (top inset).

higher for the devices with a thinner Alqs layer [Fig. 7(a)],
and it is independent of the o-NPD film thickness [Fig. 7(b)].
These results indicate that the Alqg; layer acts as an insulator
at the accumulation state, which shows that the charges
injected from the ITO substrate are holes. In addition, Vy, is
independent of the film thicknesses in all devices, whereas
Vace shifts to the negative side with increasing Alqgs; film
thickness, as previously reported.'’”* On the other hand,
Vace 18 independent of the «-NPD film thickness. Here, V.
can be described as

daigs (&)

16 T T T T
x TPBi

14

12

—
o

Surface potential [V]
o

0 50 100 150 200
Thickness of second layer [nm]

FIG. 5. Surface potential of various films on an o-NPD layer.
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FIG. 6. (a) A typical DCM curve for the ITO/a-NPD/Alqs/Al device at a sweep rate of 1V/s. (b) Schematic illustrations of an energy diagram at each bias

range.

where ea1q and dyayq are the dielectric constant and thickness
of the Alqs film, respectively. The slope of the Vi, — Ve vs.
daiq plot (Fig. 8) gives us 40mV/nm (= —0in/€alq) corre-
sponding to the electric field built up in the Alqz layer at
Vace. This value includes the contribution from GSP of the
o-NPD layer; however, using Eq. (3), the GSP slope of the
Algs layer can be obtained as

N
dx  dx

d
NPD £ Dnpp. (6)

Vih = Vace) —
( th acc) €Alq dx

The GSP slope of the Alqg; layer is then estimated to be
34 mV/nm; this value is similar to that obtained from the KP
measurement. The GSP slope values of the «-NPD film and
the relative dielectric constants used for the estimation are
shown in Table I. Similar characteristics were observed in
the DCM curves for all bilayer devices containing GSP films,
i.e., films exhibiting GSP behavior; OXD-7, BCP, and TPBi
(Fig. 8). The linear dependence on film thickness indicates
that GSP films induce a constant interface charge density in-
dependent of film thickness.

Figure 9(a) shows a typical DCM curve for a bilayer de-
vice with a nonpolar film as the second layer (ITO/a-NPD/
UGH2/AI device). V,. appears at about 1.6V, but Vy, is
unclear. Therefore, we derived i, and igs from (i} +i_)/2
and (iy —i_)/2, respectively. Here, i, is the DCM current

observed in the forward sweep (dV/dt > 0) and i_ is that
observed in the backward sweep (dV /dt < 0). Because ig;s di-
vided by the sweep rate corresponds to Cypp, the Cypp-V curve
is finally obtained. Figure 9(b) shows the extracted C,pp-V
and i,.-V curves, where both V,.. and Vy, are observed at
1.6V, indicating no interface charge in the devices. We con-
firmed that for the CBP device, V. corresponds to Vy,.
Figure 10 compares the KP and DCM results. Figure
10(a) plots the GSP slope in the second layer determined from
the KP and DCM data. Here, the GSP slope obtained from
DCM was estimated from Eq. (6). Figure 10(b) shows the
relationship between i, (GSP) and iy (DCM). 0iy (GSP)
was determined by Eq. (3). The parameters shown in Table I
were used for the calculations. As shown in these figures, gy
and GSP obtained from two different experiments seem to
correlate well, and the data points are distributed around the
line with a slope of 1. Thus, we conclude that interface charge
and GSP can both be attributed to orientation polarization in
the film. However, a quantitative disagreement still remains
between the results of the KP measurement and DCM. For
instance, the OXD-7 film shows a smaller GSP slope than that
estimated from the DCM result. A possible reason for this dis-
agreement is the underestimation of the orientation polariza-
tion in the KP measurement. Surface potential, especially
GSP, is sensitive to temperature, ambient light, and substrate
properties, rather than the interface charge observed in the

0.15 —_—
(a) Algg thickness
—— 40 nm — 23 nm
0.1 —— 60 nm — 40 nm
— 80 nm — 60 nm
— 85 nm

0.05

-0.05

Current density [MA/cmz]

-0.1

(b) a-NPD thickness

FIG. 7. (a) and (b) DCM curves of the ITO/
o-NPD/Alqs/Al device for various film thick-
nesses. The «-NPD and Alq; film thicknesses
are fixed at 40nm (a) and 60nm (b), respec-
tively. The current density at the accumulation
state depends only on the Alqs film thickness,
indicating that the injected charges are holes.
The threshold voltage of the actual current Vy, is
independent of the combinations of the film
thickness, whereas V,.. shifts to the negative
side with increasing Alqs film thickness. Thus,
the polarity of interface charge is negative.

5 4 -3 21 0 1 2 3-3 2 -

Voltage [V]
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FIG. 8. Thickness dependence of Vi, —
curves for the bilayer devices.

Vace determined from the DCM

device (as discussed later). This is because GSP decays irre-
versibly owing to the presence of compensation charges origi-
nating from the electrode (as thermally injected carriers), the
bulk of the film (as photoinduced carriers), and the environ-
ment.'?*? Thus, intrinsic orientation polarization can be larger
than that estimated from GSP. In addition, the detailed condi-
tions of the film deposition procedure may also affect orienta-
tion polarization in the resultant film. In the KP experiment,
film deposition was interrupted for surface potential measure-
ment at specific film thicknesses, whereas it was performed
continuously for device fabrication. Although further analyses
are required to quantitatively understand these results, they
strongly suggest that GSP and interface charge originate from
the orientation polarization and can be produced in common
organic semiconductor films with polar molecules.

J. Appl. Phys. 111, 114508 (2012)

GSP of Algs films and its decay have been mainly inves-
tigated by the KP and SHG techniques.'®*°3~3¢ For the pho-
toinduced decay of GSP, two possible mechanisms have
been proposed; one is the photoinduced disorder of the
dipole moments and the other is compensation of the polar-
ization charge on the surface by the counter charge of photo-
generated carriers in the film. Previous studies have not
sufficiently clarified the mechanism, mainly owing to the ex-
perimental difficulties of this system, for example, the small
order parameter even at the initial state (typically
(cosl) ~ 0.03, indicating almost random but slightly ordered
on average, where 0 is the tilt angle of the dipole moment
with respect to the surface normal) and the irreversible decay
of GSP caused by light irradiation and thermal fluctuations.
However, our experimental results strongly support the con-
clusion that the generation of compensation charge is the ori-
gin of the photoinduced decay of GSP. If the photoinduced
disorder is the dominant mechanism, the film loses orienta-
tion polarization and interface charge in the bilayer device
should disappear. In the case of compensation charge, orien-
tation polarization and interface charge remains in the device
and the counter charge can be removed by applying an exter-
nal electric field. We have confirmed that the interface
charge density persists even after intense white light irradia-
tion. Thus, we expect that the DCM technique can evaluate
the intrinsic interface charge density, and this technique can
be a powerful tool to investigate the orientation polarization
properties of organic semiconductor films.

The mechanisms of spontaneous ordering in the evapo-
rated film of polar molecules still need to be clarified; how-
ever, the correlations between Coulomb interactions and the
molecular packing should be responsible for the structure of
the resultant film."' Here, as the simplest case, we consider
the interaction between two identical molecules with a per-
manent dipole moment of p in a parallel configuration. The
potential energy of these two dipoles (V1) is given by*’

2
p 2
Vi =———=Bcosf—1), 7
1 p— p—1) @)
where r is the distance between two molecules and
cosff = p - t/|p|. ¥ is the unit vector pointing from a reference

molecule to the other molecule. Similarly, the potential of the
antiparallel configuration can be obtained as V| = —Vy;. For
Algs, using p=4.4 D (=147 x 1072° Cm) and r = 8 A,

Vace ~ Vi
(@) 0.25 (b) ———10°%
£ ool Vis 0.08 R ]
<\( IS —_— et = (I —1-)/2 1077 _,
2015 £ 0.06 ; T
2 0.1 o <! o FIG. 9. (a) Typical DCM curve for the 1TO/
[} : 108 < .
c i = 0.04 i3 = o-NPD/UGH2/ALl device at a sweep rate of 1 V/s.
g 0.05 + = % ’ _\g (b) Capacitance-voltage and actual current-
= 0 (@) 109 voltage curves derived from the DCM curve.
o 0.02 '
£-0.05 :
=} 1
© 01 0 : 10710
43 2 A 1 3 4 3-2-101 2 3
Voltage V] Voltage [V]
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—47.2 meV < V(= —Vy)) < 23.6meV is obtained. Here, r
is estimated from the Algs film density (1.51 g/cm?). It should
be noted that the parallel configuration takes lower energy on
average compared with the antiparallel configuration. On the
other hand, the thermal energy and the potential energy of
these two configurations are comparable. This implies that the
molecular dipoles can form mostly random but slightly or-
dered configuration in the film phase. Here, we define the mo-
lecular dependent term % = m. For Alqs, m can be estimated
as 4.2 x 10731 C2/m. For the other polar molecules used in
this study, appropriate estimation of apparent m value is not
easy because of their anisotropic molecular structures unlike
Alqs. For example, if we calculate m of OXD-7 by assuming
inter-molecular distance simply from its molecular size, m
varies from 107** to 10 C*/m depending on the combina-
tions of molecular direction. Although the accurate estimation
of film structure is necessary to obtain the m value, it can be
expected to have a similar property (e.g., GSP and interface
charge), if apparent m of the material is ~ 107! C*/m.

B. Charge spreading along the interface

Figure 11(a) shows typical C-V curves for bilayer devi-
ces with BCP and UGH2 films used as the second layer.
Because the top electrode of these devices was Au, they oper-
ated as hole-only devices. At the o-NPD/BCP interface, Ve
appears at a negative bias of —0.2 'V owing to the presence of
negative interface charge, and then, the capacitance increases
to a constant value corresponding to hole accumulation. The

o, (DCM) [mC/m?]

C-V curve for the UGH2 device shows different behavior.
Because the GSP does not build up in the UGH2 film, there is
no interface charge in the device and V,.. appears at a posi-
tive bias of 1.8 V. Then, capacitance increases and remains
constant for a short voltage range, 1.8-2.2'V, but gradually
increases again at higher applied voltages. Similar behavior
was observed in the C-V curve for the CBP device, but not in
the devices containing polar molecules, e.g., BCP, Alqs, and
OXD-7.

Figure 11(b) shows the C-f curves for the BCP and
UGH?2 devices at Vpc before and after hole injection. The ca-
pacitance drop at frequencies higher than 10° Hz is an arti-
fact. In this frequency region, the signal from the test device
is hidden by a parasitic impedance originating from the mea-
surement system. Two constant capacitances appear in the
C-f curve for the BCP device at a Vpc of 2V. The high
(1.7 nF) and low (0.8 nF) capacitances correspond to those of
the BCP layer and the entire device with an active area of 4
mmz, i.e., the cross-bar area, respectively. Because the holes
in the device cannot respond to the applied ac modulation at
high frequencies, the entire device acts as a capacitor. At fre-
quencies of about 10°~10* Hz, the hole movement in the o-
NPD layer can sufficiently follow the ac modulation and only
the BCP layer remains as the dielectric layer. Therefore, the
transition frequency, where the capacitance changes from a
low state to a high state, depends on the conductance of the
o-NPD film. On the other hand, the capacitance of the UGH2
device at the accumulation region (Vpc = 2 V) increases rap-
idly at low frequencies (< 10> Hz). The observed capacitance

25 4.0 T T
35l (b) 300K |

20 S BCP, 2V —+—
L= 3.0 BCP, -2V —#— 1
8 45l o5} UGH2,2V —a— | FIG. 11. (a) Typical C-V curve for the BCP and
8 ’ UGH2,0V —a— UGH2 devices at 10Hz and 300K. (b) Typical C-f
_(..g 2.0f 1 curves for the BCP and UGH2 devices. Vpc was —2
8 1.0 1.5} and 2V for the BCP device and 0 and 2V for the
o ’ UGH?2 device (corresponding to before and after
8 1.0F hole injection, respectively). The measurement tem-

0.5 b perature was 300 K for both devices.
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is much higher than that expected from the device geometry.
This capacitance inflation also occurred in the BCP device at
high temperatures (not shown), though the observed fre-
quency is much lower than that in the UGH2 device. In addi-
tion, we measured the C-V and C-f curves for the bilayer
devices containing CBP, Alqgs, and OXD-7 films and found
that the capacitance inflation in the nonpolar devices (CBP,
UGH2) appeared at higher frequencies than that in the polar
devices (BCP, Algs;, OXD-7).

Capacitance inflation is likely to occur in bilayer devices
with nonpolar molecules. As shown in Fig. 11(b), the C-f
curve at a bias below the hole injection voltage (—2 V for
the BCP device and 0V for the UGH2 device) is almost in-
dependent of frequency, indicating that hole injection is nec-
essary for capacitance inflation. Thus, we can eliminate
dielectric dispersion as the origin of this phenomenon. Here,
two other possibilities should be considered; one is the
decrease in the effective thickness of the dielectric layer, and
the other is the expansion of the area that acts as a capacitor.
The former case requires the presence of thermally activated
or injected mobile charges in the bulk region of the second
layer. If thermally activated carriers from the unintended
dopant existed in our devices, capacitance change should be
observed independent of hole injection. Moreover, from the
KP measurements, the UGH2 and CBP films do not show a
significant band bending even at the interface, suggesting
that there are no thermally activated carriers in the films. On
the other hand, a very large energy barrier is formed at the
o-NPD/UGH?2 interface (~2 eV, Table I). Because the height
of this energy barrier is the largest among the interfaces used
in this study, compared to the other interfaces, hole injection
beyond this interface is unlikely to occur. Accordingly, the
decrease in the dielectric thickness of the second layer also
cannot explain our experimental results.

Because our device structure was a cross-bar type in
which the deposition area of the organic films (144 mm?) is
much larger than the cross-bar area (4 mmz), there is enough
space for the accumulated charge carriers to spread along the
organic heterointerface. The spreading of the charge carrier
makes the interface conductive, and as a result, large capaci-
tance formed between the carrier sheet and top stripe elec-
trode is observed [Fig. 12(a)]. Because the amount of
accumulation charge at the interface increases with applied
voltage, higher applied voltage enhances the interface conduc-
tivity. Therefore, the capacitance grows with applied voltage
as shown in the C-V curve of the UGH2 device [Fig. 11(a)].
On the other hand, capacitance inflation is not significant in
the DCM curve for the UGH2 device [Fig. 9(b)]. In this de-
vice, an island-type top electrode was used. The capacitance

200N,

\ Potential profile
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FIG. 12. (a) Schematic illustration of the bilayer
device with charge spreading along the interface.
The broken line (red) indicates the expanded area of
capacitance, whereas the inner line (green) shows
the cross-bar area. (b) Schematic illustration of the
bilayer device in which the polar molecule is used
as the second layer. The charge dispersion along the
interface is suppressed owing to the microscopic
potential fluctuation caused by the dipole moment.

Polar molecule

in the accumulation state is determined by the top electrode
area, regardless of the spreading of the accumulated holes at
the interface. According to the above discussion, the results of
the C-V and C-f curves suggest that the conductance of holes
along the heterointerface in the nonpolar devices is higher
than that in the polar devices, although intrinsic conductance
should be the same in all bilayer devices. This is because the
accumulated charge carriers are expected to be in the «-NPD
side owing to the energy barrier at the interface. A possible
origin of the difference in conductance is a local electric field
formed by the permanent dipole moment in the vicinity of the
interface, leading to a microscopic potential fluctuation
[Fig. 12(b)]. Similar behavior has been reported as the gate
dielectric dependence of charge mobility in OFETs, in which
the dipolar disorder in the gate dielectric layer results in lower
mobility.>~'> Note that as there is a small difference in the
dielectric constant and its frequency dependence among the
films, the observed phenomena should not be primarily attrib-
uted to the Frohlich polaron.®

V. CONCLUSION

We demonstrate that the permanent dipole moment of a
molecule and its orientational order play a significant role in
the charge behavior at an organic heterointerface. DCM of
bilayer devices consisting of «-NPD films and several kinds
of the other layer of polar or nonpolar molecular layers was
conducted and the interface charge density, which appeared
only in the device with polar molecules, was estimated. In
addition, from the KP measurements of the corresponding
bilayer structures, we found that GSP appeared in the films
with polar molecules deposited on the «-NPD film, indicat-
ing the orientational order of the permanent dipole moment
in the resultant films. Higher interface charge density was
found in the device containing the film with higher GSP.
Although a quantitative disagreement still remains, our
results strongly suggest that orientation polarization leads to
interface charge in the actual devices. In addition, the C-V
and C-f curves for the bilayer devices showed significant ca-
pacitance inflation if nonpolar molecules were used as the
second layer. These results can be explained in terms of the
dipolar disorder model: the presence of a permanent dipole
moment results in microscopic potential fluctuation in the vi-
cinity of the interface and suppresses the conductance of the
accumulated holes along the interface in the adjacent layer.

As many organic semiconductor molecules possess per-
manent dipole moments, GSP and interface charge can more
or less exist even in common organic semiconductor devices
such as OLEDs. Interface charge is an important parameter,
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because it determines the least amount of accumulated
charge in the operating device, which strongly relates to de-
vice efficiency and degradation. Moreover, the presence of a
permanent dipole moment can suppress the charge spreading
along organic heterointerfaces; thus, making an interface
with polar molecules may lead to an efficient charge recom-
bination and avoid cross-talk between neighboring pixels.
Our results clearly demonstrate that the permanent dipole
moment of the molecule and its orientational order in the
evaporated film are important factors for understanding the
charge accumulation properties of a device.
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