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Exciplex-type bilayer organic light-emitting diodes (OLEDs) with ehmic contacts exhibited
current density-voltage (J-V) characteristics that closely matchedra simplified analytical
model proposed by Nikitenko and Béssler. The analytical model is based on the following
key assumptions: (i) complete hole-electron recombination at the interface between a hole
transport layer (HTL) and an electron transport layer (ETL), (ii) ohmic contacts at the
interfaces between metal electrodes and [ carfier Wffansport layers, and (iii)
electric-field-independent carrier mobilitiés in both HTL/and ETL. The excellent matching
shows that the simplified analytical model is sufficient to describe the J-V characteristics of
the OLEDs. We also demonstrated that'if the carrier mobility of one carrier transport layer is
known, that of the other transport layer can be estimated using the equation derived by the
simplified analytical model. The simplified analytical model provides a useful method to
estimate carrier mobilities within carrief transport layers themselves in OLEDs.
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1. Introduction

In organic light-emitting diodes (OLEDs) in practical use, the hole and electron currents
flow in a good balance and high luminescence is realized. The high-efficiency OLEDs
have a multi-layered thin film structure consist of transparent anode/hole injeetion
layer/hole transport layer (HTL)/light emitting layer/electron transpert layer
(ETL)/electron injection layer/cathode.? Due to the existence of carrier injection barrier
at each interface, whose height is difficult to determine accurately, and the variations in
carrier mobilities among the layers for such multi-layer OLED:s, it is challenging to obtain
the current density-voltage (J-V) characteristics analytically. Numerical{ simulations
including parameters being experimentally unknown are usually performed:to analyze the
J-V characteristics.>*

In 2001, Nikitenko and Bissler reported that the J-V characteristic of bilayer OLEDs
whose structure is anode/HTL/ETL/cathode can be expressed analytically under the
following three assumptions; (i) all of holes and electrons injected from the anode and
cathode, respectively, recombine at the interface between . HTL and ETL. In other words,
electrons and holes do not recombine in either layer bey.ond carrier injection barriers
between HTL and ETL; (i1) the interfaces between electrodes and carrier transport layers
show ohmic contacts (i.e., there is no catrier injection barrier at the interface), and
space-charge-limited current (SCEC) flows. in each transport layer; (iii) the carrier
mobilities in HTL and ETL are independent of electric field. In such a case, the J-V
characteristic is simply expressed by:>

JEBWV —Wy)? for V>W,, (D
where Vyiis a built-in potential and.Bs a constant related to mobilities and thicknesses of
HTL and ETL. Furthermore, they extended Equation (1) to the case where carrier
mobilities are electric field dependent, and by solving the expanded formula numerically,
they successfully geproduced the J-V characteristics of OLEDs reported by other research
groups. Unfortunately, since there were no results on OLEDs that sufficiently satisfied the
above three/assumptions,at that time, the usefulness of Equation (1) was not confirmed in
their paper;, To the/best of our knowledge, there have been no reports of quantitative
analysis using Equation (1) for OLEDs since 2001. The only example of analysis using
Equation (1):for organic thin-film devices is a report on the J-V characteristics in the dark
of \ bilayer organic photovoltaic cells (OPVs) with the structure of
ITO/PEDOT:PSS/substituted polythiophene (40 nm)/partially crystalline Ceo (31, 72, and
87 nm)/Al.® The J-V characteristics of each OPV could be reproduced fairly well by
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Equation (1). However, the Cgo film thickness dependence of the J-V characteristics could
not be explained. This is because the mobility of all Cso films with a thickness of less than
100 nm was assumed to be the same, despite differences in thickness and film quality:
Exciplex-type OLED, which has recently attracted attention due to their potential for
improving quantum efficiencies through thermally activated delayed fluorescence
(TADF),” lowering operating voltage,'*'? and customizing emission spectra,'* ™) js,oné
of the candidates that satisfy the above all assumptions. In such OLEDsexciplexes are
generated at the interface between HTL and ETL, emitting light from the ‘interface. Thus,
the assumption (i) is satisfied automatically. In addition, to form exciplexes at.the interface
between HTL and ETL, HTLs with a small ionization potentialsand EILS with a large
electron affinity are generally utilized. These HTLs and ETLs could easily form ohmic
contacts by selecting the anode and cathode electrode materials. Thus; the assumption (ii)
can also be satisfied by suitable material selection. Moreover, exciplex-type OLEDs can be
driven at low voltages. For example, there is a report that 1000.cd/m? can be obtained at 3
V or less, and the range of the driving voltage (i.e., the electric field) is narrow.'> Although
a carrier mobility x in an amorphous thin film used inOLEDS often depends on an electric
field £ (V/cm) as the following equations i = uoexp(PE"?), where uo is a zero-field
mobility and f is a coefficient characterizing charge transfer activation energy, the mobility
can be considered constant within a‘narrow electric field range. Moreover, the dependence
of carrier mobilities on the electric field was reported to be very small in some HTLs and
ETLs.'%'® Therefore, the assumption (iii) may be well satisfied in exciplex-type OLEDs.
In this study, we confirmed/that the J-J" characteristics in exciplex-type bilayer OLEDs
can be reproduced by Egquatien, (1). To show the usefulness of Equation (1), we
demonstrated that if the mobility of one carrier transport layer is known, that of the other
transport layer can be estimated. Equation (1) derived from simplified analytical model
provides a useful method toréstimate the carrier mobilities within carrier transport layers
themselves in OLEDs. In advanced exciplex-type OLEDs, an exciplex host layer including
guest emission molecules is inserted between HTL and ETL to increase the interface area.
The exciplex host layer is formed by co-deposition of HTL, ETL, and guest emission
molecules. As the exciplex host layer requires a good balance in the effective mobilities
between holes<and electrons, the mobilities estimated in this method would be useful in

determining the volume ratio of HTL and ETL materials in the exciplex host layer.!*2?

2. Experimental methods
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Exciplex-type bilayer OLEDs were fabricated in the following configuration:
ITO/PEDOT:PSS/HTL/ETL/LiF/Al. In this study, m-MTDATA was selected and fixed as
the HTL material, and BPhen and SPPO1 were used as the ETL materials. Their chemieal
structures are shown in Figure 1. These materials were selected because exciplex emission
from the m-MTDATA/BPhen interface has been reported and SPPO1 has an excellent hole
blocking property.?!?® m-MTDATA, BPhen, and SPPO1 were purchaséd from Lumtee,
Wako, and Tokyo Chemical Industry, respectively, and purified by thermal sublimation
before use. PEDOT:PSS (Clevios P VP Al 4083) purchased from Heracus,was used as
received.

To obtain an ohmic contact between an electrode and a carfier transport layer, the
electrode with an appropriate work function was selected against HOMO and LUMO
energy levels in HTL and ETL, respectively. (In this paper, HOMO“and LUMO energy
levels with respect to the vacuum level are expressed ashabsolute values. Therefore,
HOMO energy and ionization potential, as well as LUMO energy and electron affinity,
have the same meaning.) In this study, PEDOT:PSS.withra work function (5.1~5.2 eV)**?>
close to the HOMO energy of m-MTDATA (5.1 eV)?'??:was used as the hole injection
electrodes. Similarly, LiF/Al with a workifunction of 2.6~2.9 eV**?” was used as the
electron injection electrodes to ETLs of both BPhen and SPPO1 whose LUMO energies
are 2.5~2.9 eV1*229 and 2.7 eV,?® reSpectively.

ITO glass substrates purchased from GEOMATEC were used as OLED substrates. The
substrate was cleaned in acetonerand ethanol with an ultrasonic cleaner and then treated
with an ultraviolet-ozone cleaner. A thin layer (40 nm) of PEDOT:PSS was spin-coated
onto the ITO at 3000 rpm and air-dried on a hot plate at 110 °C for 10 min. The substrate
was then transferred to a No-filled glove box, where it was re-dried on a hot plate at 110 °C
for 10 min. The PEDOT:PSS layer functions as not only a hole-injection layer but also a
smoothing layer toreduce thessurface roughness of the anode electrode. Then, m-MTDATA
(40 nm), ETL (40, nm), LiF (1 nm), and Al (100 nm) were deposited in this order with
conventional thermal evaporation through metal masks at a chamber pressure lower than 5
x 10~* Pa, The emitting area of obtained OLEDs was 2 x 2 mm?. The current-voltage
characteristics and luminance of OLEDs were simultaneously measured using an ADCMT
6245 DC wvoltage current source/monitor (ADC Corporation) and an LS-100 luminance
meter (Konica Minolta, Inc.), respectively. The electroluminescence (EL) spectra were
measured using an array spectrometer (MCPD-9800-311C, Otsuka Electronics Co, Ltd.).

The “icharacteristics of OLEDs were measured under a N; atmosphere. The
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photoluminescence (PL) spectra were recorded with a JASCO FP-6500.

3. Results and discussion

The EL spectra of bilayer OLEDs fabricated in this study are shown in Figure 2, together
with the PL spectra of individual HTL and ETLs. The relatively broad EL emission with a
single peak at 556 (507) nm was observed for OLEDs with m-MTDATA/BPhen
(m-MTDATA/SPPO1). The PL emission peak wavelengths of the m-MTDATA, BPhen,
and SPPOI1 layers were 428, 387, and 347 nm, respectively. The EL spectraiare different
from the PL spectrum of the constituent carrier transport layers and red-shifted, which are
characteristic features of exciplex emission. Only in the EL.spectrum of
m-MTDATA/SPPO1, weak emission from m-MTDATA was observed as a shoulder of the
exciplex emission peak. This emission is likely attributed to eleetron transfer from the
exciplex to the triplet excited state of m-MTDATA, followed by triplet-triplet annihilation
leading to emission from the singlet excited state 'of m-MTDATA.!> Therefore, the
assumption (i) is satisfied for both OLEDs, as thesebserved EL emission, including the
weak emission from m-MTDATA, is generated via the formation of exciplexes at the
HTL/ETL interfaces.

The J-V characteristics of the two OLEDs are presented in Figure 3, along with the best
fit results using Equation (1). As refereénee data, the characteristics of luminance-voltage
and external quantum efficiency (EQE)-current density are provided in Figure S1. To
clearly show that the J is proportional to the square of (V-V4i), the J-V characteristics were
re-plotted on a vertical scale of the squate root of J in Figure 3(b) and on a log-log scale in
Figure S2. From these figures, it\s seen that the experimental data can be reproduced fairly
well by Equation (1) over the operating voltage range of the OLEDs. In the low voltage
region around Vi, a slight diserepancy between the fitting curves and the experimental data
is seen for both OLEDsy This'discrepancy is likely due to the diffusion current, which was
neglected in the derivation of Equation (1), and/or the leakage current caused by
microscopic/pinholes in the thin films. Therefore, the good agreement between the fitting
curves and the‘experimental data over the operating voltage range of the OLEDs indicates
that all three assumptions used in the derivation of Equation (1) hold true for the two
OLEDs. The.values of B and Vi obtained from the fitting are listed in Table 1 along with
the EL emission peak energies.

Now, we discuss the coefficient B in Equation (1). The coefficient B is related to the film

thickness L;, the carrier mobility ui, and the relative permittivity & of HTL (i = h) and ETL
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(i = e) by the following equation:?®

B = +

1 , (2)
(entn)2

1
(€ette)?
where go represents the vacuum permittivity. Since EL intensity is roughly proportional to J
in bilayer exciplex-type OLEDs, Equation (2) provides guidelines for, increasing EL
intensity. Since the relative permittivity & is about 3 for majority of HTLyand ETL
materials used in OLEDs,>3? EL intensity can be increased by lowerifig \Ln*%/1"? and
Le*?/1e"* in a balanced manner. To prevent pinholes from forming i HTL and’ETL and
achieve high EL intensity at the same time, the total film thickness®Ln + L. is designed in
the range of 80 to 100 nm in most cases. The carrier mobilities in carrie\r transport layers
depend on the film thickness in the sub-200 nm range.>!*® Theithickness dependence is
believed to come from the energetic disorder of carrier hopping sites, which is induced by
the disorder in the molecular orientation near the electrode on the device substrate.>*
Therefore, knowing the carrier mobilities in carrier transport layers with the same quality
and film thickness as in OLEDs is important for device design. Interestingly, it can be seen
that if the value of either the un, or the ze s known, the remaining mobility can be derived
from the value of B using Equation (2). In this study, the values of B were already obtained
for the two OLEDs (See Table 1).Next, we will estimate the carrier mobilities in the
constituent HTL and ETLs of the two, OLEDs and discuss the validity of estimated
mobilities to confirm the usefulness of Equation (1).

As explained above, both catrier mobilities of HTL and ETL cannot be estimated at the
same time from Equation (2). :Rhus, the carrier mobility in either HTL or ETL with the
same quality and film thickness @s in the OLEDs must be determined from separate
experiments. As the OLEDs wete fabricated on ITO/PEDOT:PSS substrates, hole-only
devices with HTL having the same disorder in the molecular orientation as in the OLEDs
can be fabricated, but electron-only devices cannot. Thus, hole-only devices with the
structure of ITO/PEDOT:PSS/m-MTDATA (40 nm)/HAT-CN (5 nm)/Ag were fabricated,
and the hole mobility of 40 nm-thick HTL (m-MTDATA) was first determined by fitting
the J-V/ characteristics with the equation of SCLC assuming a constant carrier mobility:

9 (V = Vp)?

== NI 3
Ji g Hnén€o L 3)

Figure 4 shows a typical J-V characteristic of the hole-only devices along with the best

fitresult. The electric-field-independent un, determined from the devices was (7 + 1) x 10
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cm?V-'s!, The good agreement between the experimental data and the best fit result was
obtained over a relatively wide range of square root of electric field from 350 to 1200
V2¢m ™2, Here, the average electric field (E) in the HTL was obtained by dividing. (# —
Vi) by Ln. This result indicates that the electric-field-dependence of the un in the 40
nm-thick m-MTDATA layer is very small, if exists, and supports the validity of assuming
an electric-field-independent un for the 40 nm-thick m-MTDATA layer.

Before proceeding to the estimation of ue, we should discuss the validityfor thewvalue of
n determined above. This is because its value greatly influences the estimation of ze in
ETLs. Zhang et al. reported the electric-field-dependent un of a 90 nm-thick m-MTDATA
layer,” which is given by un = poexp(BE'?) with uo = 3.1 x 10%€m*Vils: and f = 2.7 x
107 cm'? V12 and shown in Figure S3, together with the result in this study. This mobility
was determined from the SCLC measurement for a hole-only:device formed on an
ITO/MoOs substrate. Since we were interested in the mobility in the electric field range
during OLED operation, we decided to compare the un in the electric field range where the
brightness of OLEDs was greater than 100 cd/m?=Theelectric field in the HTL of an
OLED was approximated by the average electric field obtained by dividing (V - Vi) by 80
nm (= Ly + Le). The ranges of the square toot of electri¢ field (£'?) for brightness > 100
cd/m? were 230 to 530 V2cm™? for the OLED with m-MTDATA/BPhen and 380 to 660
V2e¢m™2 for the OLED with m-MTDATA/SPPO1. As shown in Figure S3, the un of our
40 nm-thick m-MTDATA layer was nearly. equal to that of the 90 nm-thick m-MTDATA
layer in the range of 230 < E'2 <400 V"2cm™2, but was smaller in the range of 400 < E'2
<660 V2ecm™2. Averaged ovér the whole £'? range of 230 to 660 V2cm™'2, the un in our
40 nm-thick layer was slightly’smaller.than that in the 90 nm-thick m-MTDATA layer. This
is probably attributed to the thickness dependence of carrier mobilities. In the sub-200 nm
thickness range, carrier mobilities were reported to decrease as the film thickness
decreases.’!* Therefore, the 'y of the 40 nm-thick m-MTDATA layer estimated in this
study was concluded to be quite reliable.

At this stage, the electron mobilities of ETLs in the two OLEDs can be estimated using
Equation (2), the values of B listed in Table 1, and the electric-field-independent wun ((7 £ 1)
x 10%em?V'sil) of the 40 nm-thick HTL (m-MTDATA). The ue obtained for the 40
nm-<thick BPhen and SPPO1 layers were (5 = 3) x 10 and (1.9 = 0.7) x 10° cm?*V'ls™!,
respectively. The relatively large error for the BPhen layer is due to the larger imbalance in
carrier mobilities between HTL and ETL. Figure 5 shows the relationship between u. and

un of ETL and HTL, respectively, for each value of B, when L. and Ly, are equal to 40 nm.
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In both OLEDs, the g in ETL was larger than the s in the m-MTDATA HTL. From
Figure 5, it is seen that the g changes more steeply with small variations in the value of B
and the u, as the mobility imbalance (ue/un) increases above unity.

Xu et al. reported the electric-field-dependent . of BPhen layers with different film
thicknesses (50, 100, 150, 200, and 300 nm) that were determined by measuringsSCLC of
electron-only devices formed on ITO substrates.>® Their results are shown in Figure S4,
together with the result in this study. The ze at E'> = 550 V"2cm™? increased from. 1.9 x
107 to 3.4 x 10* cm?V-!s as the film thickness increased from 50 t07200 fim and then

26m'2 to the saturation value of

saturated. The value of S also increased from 2.8 x 107 V-
~6 x 102 V'2cm'? with increasing film thickness from to 50 nm/to 200 nm. The thickness
dependence of £ indicates that the electric-field dependence of ue becomes weaker, as the
film thickness decreases. This would support thedwalidity of treating ge as
electric-field-independent for the 40 nm-thick layers. /The electric-field-dependent . for
the 200 and 300 nm-thick layers was in excellent agreement with the reported values
determined from time-of-flight measurements for 9.9 and $:3 pum-thick films, which are
considered to be the bulk mobility of BPhen.*®*”) Thus, we believe that the & reported by
Xu et al. 1s the most reliable among those reported for BPhen layers with sub-100 nm film
thicknesses so far.>?

Compared with these data in the £"*tange of 230 to 680 V2cm'2, the s (= (5 £ 3) X
10 cm?V!s™) of the 40 nm-thick. BPhen ETL in the OLED was found to be agree within
error with the those reported for the 50'and 100 nm-thick BPhen layers. In more detail, the
He of the BPhen ETL in thesORED seems to be close to that of the 100 nm-thick BPhen
layers in the electron-only devices: Considering the thickness dependence of . in sub 100
nm range described abeve, the & of BPhen ETL in the OLED is suggested to be higher
than that in electron-only-devices if the thickness is the same. This can be explained by the
difference in the disorder of molecular orientation. Xu et al. deposited BPhen layers
directly onte ITO substrates, while the BPhen layer in the OLED was deposited on the 40
nm-thick. m-MTDATA layer that was formed on the ITO/PEDOT:PSS substrate. As the
m-MTDATA and PEDOT:PSS layers are supposed to reduce the surface roughness of ITO
substrates, the'molecular orientation should be less disturbed in the BPhen layer of the
OLED. Therefore, it is understandable that the BPhen ETL in the OLED exhibits slightly
higher & than that extrapolated to a thickness of 40 nm from the results reported by Xu et
al. To confirm that, we fabricated electron-only devices with ITO/BPhen (40 nm)/LiF/Al

Page 8 of 18
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and determined the g from the SCLC measurements. A typical J-V characteristic is shown
in Figure S5. The electron mobility was (1.1 £ 0.5) x 10 cm?V!s™!, which was in line with
the results reported by Xu et al. and lower than that of the BPhen ETL in the OLEDy, This
result suggests the importance of evaluating the g of the ETL itself in OLEDs and.also
shows the usefulness of mobility evaluation with Equation (1).

To our best knowledge, there are no reliable reports on the g in SPPO1L,ETLs inithe
sub-100 nm thickness range. However, for OLEDs with device( structures of
ITO/HTL/light emitting layer/ETL/LiF/Al, two different research groups>®**reported that
the current density of OLEDs with SPPO1 ETLs was lower than that with BPhen ETLs,
even considering the difference in Vyi. This result indicates that the 1 0£SPPO1 ETLs is
lower than that of BPhen ETLs in OLEDs, which is consistent with/ the relationship
between the e of SPPO1 and BPhen ETLs estimated in this study.

Finally, the values of Vi obtained by fitting the J-V characteristics with Equation (1) are
discussed. The value of Vi should be correlated with the energy of exciplex emission,
because both values are related to the effective energy difference between HOMO of HTL
and the LUMO of ETLs. The values of Vi were 2.40/V for m.-MTDATA/BPhen and 2.89 V
for m-MTDATA/SPPOI as listed in Table 1. The eneérgies of the emission peaks from
OLEDs were 2.23 eV (556 nm) for m-MTDATA/BPhen and 2.45 eV (507 nm) for
m-MTDATA/SPPO1, as shown in Figure 2."As,expected, a positive correlation between the
emission energy and Vi was confirmed; that is, as the V%; increases, the emission energy
increases. It is seen that the emission energy is smaller than the energy of V4i. Part of this
difference may be due to stabilization by exciplex formation prior to emission.

N

4. Conclusions

In this study, we have fabricated exciplex-type bilayer OLEDs with ohmic contacts
exhibiting J-V characteristics that can be reproduced by Equation (1). To demonstrate the
usefulness of .the equation, the carrier mobilities of HTL and ETL in the OLEDs were
estimated from/the J-/"characteristics. The g of ETLs (BPhen and SPPOI1) could be
deriveddfrom thewalue of B in Equation (1) and the 4 of HTL (m-MTDATA) that was
separately determined from the SCLC measurement for the hole-only devices formed on
the same substrates as OLEDs. The derived . of BPhen was consistent with literature
values; considering the film thickness dependence and the degree of disorder in molecular
orientation. We succeeded in estimating the carrier mobilities of the ETL and HTL
possessing the same film thickness and quality as those in OLEDs. The estimated

9
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mobilities will be valuable for determining the optimal volume ratio of HTL and ETL
materials in an exciplex host layer and useful for the future progress of exciplex-type

OLED:s.
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Table I. B and V% in Equation (1) for the OLEDs with ITO/PEDOT:PSS/HTL/ETL/LiF/Al

along with the EL emission peak energies.

HTL (40nm) / ETL (40 nm) B/ mA cm?V?
m-MTDATA/BPhen 162
m-MTDATA/SPPO1 12+1 2.89+0.07

EL emission pe &
Vi !/ V
energy / e
2.4040.09 2.2
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