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The temperature dependence and electronic transport properties of 1, 3, 5-tri(1-phenyl-1H-benzo[d]
imidazol-2-yl) phenyl (TPBI) and 8-hydroxyquinoline aluminum (Alq) electron transporting layers (ETL)
have been investigated as a function of cesium carbonate (Cs,CO3) doping for organic light emitting
devices. The current-voltage and light emission characteristics were measured as a function of the Cs;CO5
doped ETL thickness at both room temperature and cryogenic (10-300 K). The current density (]) for the
Alq:Cs,CO3 ETL device increased for an ETL thickness between 100 and 300 A, with no further increase in
the ETL beyond 3004, indicating an electron injection limited contact. Conversely, the ] for the TPBI:
Cs,CO3 ETL device did not saturate for increasing ETL thicknesses confirming the TPBI:Cs,CO5 devices
have a near-ohmic cathode contact. The correlation of current density-voltage (J-V) and luminance-
voltage (L-V) for both Alq:Cs,CO5 and TPBI:Cs,CO3 devices were studied over temperatures from 10 to
300K. Both increased with increasing temperature; however, Cs,CO3-doped TPBI devices were more
effective than Cs,COs-doped Alq devices. The observed differences between Alq and TPBI may be
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attributed to the exposed nitrogen electron pair in the electronic structure.

Published by Elsevier B.V.

1. Introduction

Research in organic light-emitting diode (OLED) displays has
been attaining greater momentum during the last decade due to
their capacity to form flexible displays [1]. OLEDs have many
advantages including easy processing, robustness and inexpensive
foundry compared to inorganic counterparts, and they have
emerged as the second most important display technology for
commercial applications [2]. OLED-based displays are integrated in
many of today's portable phones due to the visual quality, low
profile, and low power consumption. These same attributes have
led to recent announcements of OLED television technology as well
as OLED-based displays integrated on plastic substrates enabling a
new generation of information technologies [3]. In particular, the
low power consumption of OLED-displays has attracted strong
interest for many portable commercial and military applications
[4]. In fact, the OLED display is rapidly moving from fundamental
research into industrial product, creating many new challenges like
lower operation voltage and power consumption, and operating
under extreme environmental conditions [5,6]. Research to lower
the OLED operating voltage has led to the development of
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enhanced electron injection with the integration of alkali metals
and alkali metal complexes (such as cesium carbonate, Cs,CO3) as a
sub-monolayer deposited between the organic electron trans-
porting layer (ETL) and the metal cathode [7,8]. Similarly, the
enhancement of the electron transport properties of the bulk
organic ETL has been demonstrated by co-evaporating alkali
metals and complexes with the organic ETL material [9-12].

Furthermore, the users need high performance displays that
can withstand the different environmental conditions, which are
used in a wide range of sights and vision systems that can be
deployed in very different locations with extreme environmental
conditions, such as the mountains in winter or the desert in
summer. How the device responds to different temperature
ambience has also attracted the attention of scientists [13]. A
few researchers have been investigated the temperature depen-
dence of 8-hydroxyquinolinato aluminum (Alq) ETLs on OLEDs
[14,15]. However, the cryogenic temperature effects of 1, 3, 5-tri(1-
phenyl-1H-benzo|d]imidazol-2-yl) phenyl (TPBI) ETLs on OLEDs
has not yet been explored.

In this paper, we discuss the electron injection and electron
transport characteristics of simple bi-layer OLEDs with 2 different
ETLs: Alq and TPBI. TPBI has demonstrated blue fluorescent
emission and electron transport properties for OLED-based dis-
plays [16,17], while Alq is a green OLED. The results in this paper
demonstrate different electron transport and injection
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characteristics between ETLs consisting of TPBI and Alq doped with
Cs,COs3 at a fixed concentration of 7% by weight. We use Cs,COs3-
doped Alq and TPBI as the ETL materials to decrease the operating
voltage and power consumption, and systematically investigate
cryogenic temperature dependence of Cs,CO5-doped Alq and TPBI
on an OLED. The mechanisms of the charge-transfer (CT) complex
in Cs;COs3-doped TPBI are discussed, which provides insight into
designing future materials and device structure with enhanced
performance.

2. Experiment

The ETL organic materials used were Alq, and TPBI, as illustrated
in the Fig. 1 along with the energy level diagram for the simple
bi-layer devices architecture. In Fig. 1, the energy level alignment
for TPBI shows a Highest Occupied Molecular Orbital (HOMO) state
at 6.2 eV below the vacuum level as compared to HOMO of 5.8 eV
for Alq [16-18]. The 2 ETL organic materials have the same lowest
occupied molecular orbital (LUMO) state relative to the vacuum
level implying the electron injection barrier is similar for the
undoped TPBI and Alq ETL materials.

The OLEDs were fabricated starting with a standard indium-tin-
oxide (ITO) coated glass substrate preparations. Six device cells,
with 4 identical devices per cell, were fabricated in a single
deposition run for the 2 ETL experiments, TPBI and Alq,
respectively. A common (750A) 4,4'-bis[N-(1-nathyl)-N-phenyl-
amino]biphenyl (NPB) hole transporting layer was first deposited
on the ITO substrates at 2.0 x 10~ Torr followed by the EML and
ETL layers at a total constant thickness of 600 A, and a common
magnesium (Mg)-silver (Ag) (10 parts Mg to 1 part Ag) cathode. For
both sets of devices, the EML was the undoped ETL organic
material, TPBI and Alq respectively. The 6 device cells for the TPBI
and Alq experimental sets were fabricated as follows:

A. ITO/NPB (750 A)/EML (600 A)/ETL (0 A)/Mg:Ag;

B. ITO/NPB (750 A)/EML (500 A)/ETL (100 A)/Mg:Ag;

C. ITO/NPB (750 A)/EML (300 A)/ETL (300 A)/Mg:Ag;

D. ITO/NPB (750 A) /JEML (100 A)/ETL (500 A)/Mg:Ag;

E. ITO/NPB (750 A)/EML (50 A)/ETL (550 A)/Mg:Ag;

F. ITO/NPB (750A) /EML (0 A)/ETL (600 A)/Mg:Ag.

The doped ETL for the 2 experiments was the co-deposition of
TPBI or Alq and Cs,COs5 at 7% relative molecular weights. The device

ITO NPB TPBI  MgAg
TPBI:Cs,CO;
Mg Ag (101) (1080 A) o Eqacuum S
TPBI:Cs,CO; (0 - 600A) "
TPBI(600- 0 A) ﬁ@*“ 49e 3.1eV
NPB (750 A) O @
mo @
Glass
ITO NPB  Alg Mg:Ag
TPBI:Cs,CO,
Mg Ag (101) (1080 A) N g e
vacuum 1 [—
Alg:Cs,COs (0 - 600A) 2
0-A-0
4.9¢eV] 3.1eV

Alq (600 -0 A) N
NPB (750 A) | oN
Imo =

Glass

Fig. 1. The TPBI and Alq device configuration with gray regions indicating the
thickness ratio of a doped ETL and an undoped emitting layer (EML), where the total
ETL+EML layer thickness is constant at 600A for all devices investigated. The
corresponding energy level diagrams (not including the interface energy level
bending) are shown with the TPBI and Alq molecular structures.

cells were sealed and the current density as a function of current
density-voltage (J-V) measurements were conducted with a
Keithley 2400 source meter and the light emission properties
were measured with a Photoresearch 650 spectrophotometer with
the Keithley.

Fig. 2 shows the cryogenic temperature test set-up. The OLED is
mounted on a copper (Cu) plate in a cryogenic chamber which acts
as a sample holder and is capable of being cooled down to 10K by a
helium pump. The silicon (Si) photodetector is mounted inside the
chamber about 2-3 mm from the device surface (not in contact
with the sample mounting plate) with feedthroughs that connect it
to electronics outside of the chamber. The cryogenic chamber was
kept at the vacuum of 10~ Torr during the experiment.

3. Results and discussion
3.1. Room temperature characteristics of Cs;CO3-doped Alq and TPBI

Fig. 3 shows the current density (J) as a function of operating
voltage (V) (J-V). Fig. 3a, the Alq:Cs,CO3 ETL OLEDs, shows an initial
rapid increase in J at ETL 100 A, then slowly increasing until the
Alq:Cs,CO5 ETL layer is 600 A (EML=0A). This data point suggests
the hole injection into the Alq:Cs,CO; ETL is reduced. By
comparison, the TPBI:Cs,COs3 J continuously increases to the ETL
thickness of 600 A in Fig. 3b.

Fig. 4 is a summary plot of the current density (J) at 4V for the
6 device cells as a function of Alq:Cs,CO3 and TPBI:Cs,CO3 ETL
thickness. J at 4V level off after the Alq ETL doped layer thickness
300A. From the inset in Fig. 4, the total contact resistance is
represented by R;, Rgr. and represents the resistance of the Alq:
Cs,COs3 ETL, and Rgyy is the undoped emission layer Alq EML. As the
Alq ETL thickness increases, total resistance, Rgn+Rgp, will
decrease. Thus, the saturation in the current density beyond 300 A
for the Alq:Cs,CO3 ETL thickness indicates the contact resistance R,
dominates the bi-layer electron transport properties as the contact
cannot supply additional current as the bulk resistance decreases
[18]. Thus, the Alq:Cs,CO3 devices are contact limited. Conversely,
the TPBI:Cs,CO3 devices demonstrate a constant increase in Jat 4V
as the TPBI:Cs,CO3 thickness increases relative to the undoped
emission layer TPBI EML. Again, the electron resistance, Rgpn+Rer
is decreasing and the total device current density, J, is increasing,
indicating the devices with TPBI:Cs,CO3 ETLs are bulk limited, or
the contact is near ohmic for all devices. The molecular structures
of the TPBI and Alq molecules illustrated in Fig. 1 suggest an
explanation for the electron transport differences. The TPBI
molecule has 6N atoms as compared to 3N atoms in Alq. The
addition exposed N electron pairs in TPBI may contribute to
improve bulk electron transport properties in Cs;COs-doped
devices.

Cryo-pump
350K-10K

] Q Camera

Cold-finger with
OLED sample

(a) (b)

Fig. 2. (a) Schematic of the cryogenic temperature test setup and (b) a close-up of
the OLED sample on the cold-finger.
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Fig. 3. (a) The J-V as increasing thickness of Alq:Cs,COs; ETL, where the
EML+ETL=600A. (b) The J-V as a function of TPBI:Cs,COs ETL thickness, where
EML+ETL=600A.

The bi-layer device's light-emission properties were measured
to further understand how the electron transport properties of
Cs,CO5-doped ETLs impact the EML. The comparative plot in Fig. 5
indicates the Alq luminance is approximately constant up to an
Alq:Cs,CO3 ETL thickness of 300 A and then steadily decreases as
the ETL thickness increases (EML decreases). Conversely, the
luminance for the TBPI:Cs,CO3 devices continues to increase and
then abruptly decreases above the ETL thickness of 550A. The
luminance data confirm the Alq:Cs,CO3 device is electron limited
between an ETL thickness of 100 to 300A. The reported
photoemission results confirm the sharp shift in the molecular
orbital states at the cathode interface [19]. The steady decrease in
Alq:Cs,CO3 luminance as the EML thickness decreases from 300 to
500A implies a combination of the exciton diffusion length and
internal electric field in the undoped Alq EML impacts the
luminance. Conversely, the TPBI devices an increased light
emission for an EML as thin as 100A, indicating the exciton
diffusion length to the quenching ETL is less than Alq. Further, the
electric-field exciton dissociation effects are less in the TPBI
molecules as compared to Alq.
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Fig. 4. The average current density, J, at 4V as a function of the Cs,CO3-doped ETL
for the set of TPBI and Alq devices, where the total ETL + undoped EML thickness is
600 A, respectively. The error bars indicate the maximum and minimum current
density values for the devices at each ETL thickness.

3.2. Temperature dependent |-V characteristics of Cs;CO3-doped Alq
and TPBI

Figs. 6 and 7 show the temperature-dependent J-V character-
istics of the devices from the temperature 10 to 300K for Cs,CO3
doped Alq and TPBI, respectively. The current densities are
dramatically increased with increasing the temperature due to
the increase in mobility and decrease in materials resistivity with
increasing temperature at different ETL thicknesses.

The J-V curves fit well with the trap charge limited (TCL)
current model proposed by Shen et al. [20,21]. Based on the model,
the TCL current density is in power law with the applied voltage,
and can be expressed as:

JreL ~ (‘f;ﬁwhere power law coefficient m = T/T,T; = E(/k, E; is the

characteristic trap energy, k is the Boltzmann constant, T, is the
characteristic temperature of the exponential trap distribution,
and d is the EML thickness which is 600 A minus the ETL thickness.

200 1 - 500
Eip0] T I L 400 £
o Sy [ s
L X S X ~
) 1 Vi C (]
8120 § 1 [0 g
. ] i
£ 1 4 i £
E g0 % \ | F200 §
- ] Y r -
= ! L o
m 1 \\ L -
g 40 4 ~-TPBI - Alg . |F 100 <
| ‘* C
0-"llI"III'II|I'll'Ill"Ill"\-0

0 100 200 300 400 500 600
Cs,CO; doped ETL Thickness (A)

Fig. 5. The total average luminance at 20 mA/cm? for TPBI (CIE: 0.15, 0.10) and Alq
(CIE: 0.33, 0.54) based devices as a function of Cs,CO3-doped ETL thickness, where
the total EML+ETL thickness is 600 A. The error bars indicate the maximum and
minimum luminance values for the device sets at each ETL thickness.
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With the codeposited Alq/TPBI+7% Cs,COs ETL, the current
density is constantly increased with increasing the codeposited
ETL thickness since d =600 A - ETL thickness is decreasing. Cs,CO3
has been shown a very efficient electron injection material in
OLEDs, including in OLEDs based on Alq/TPBI. Compared to
undoped TPBI devices, it has been shown that devices using a
Cs,COs electron injection layer have a lower operating voltage and
power consumption across the temperature range from 10 to 300 K
at 20 mA/cm?, as specified in Figs. 6 and 7. The operating voltage is
decreased with increasing doped ETL from 0 to 500 A.

2.0 4.0 6.0 8.0 10.0
20.0 . . ! :
180 | 300K
¥ 1 —=-250K
16.0 { ——200K
140 { ~T150K
100K

12.0 { —-50K

100 { ——25K
——10K

Current Density (mA/cm?)

2.0 4.0 6.0 8.0 10.0
Voltage (V)

8.0 10.0
20.0

18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
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8.0 10.0
20.0 i
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Fig. 6. J-V curves of Cs,COs-doped Alq at different temperatures (10-300K): (a)
ETL=0A, (b) ETL=300A, and (c) ETL=500A.

3.3. Temperature dependent electroluminescence (EL) of Cs2COs-
doped Alq and TPBI

The luminance-voltage (L-V) characteristics are shown in
Figs. 8 and 9. The luminance increases with temperature at
different ETLs. The electron mobility increases with increasing
temperature. The mobility of electrons is critically important to
recombination at the NPB/Alq or TPBI interface. The speculation is
that the holes and electrons need to combine to form excitons at
the NPB/Alq or TPBI interface, and this process is driven by the
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Fig. 7. J-V curves of Cs,COs-doped TPBI at different temperatures (10-300K): (a)
ETL=0A, (b) ETL=300A4, and (c) ETL=500A.
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Fig. 8. L-V curves of Cs,COs-doped TPBI at different temperatures (10-300K): (a)
ETL=0A, (b) ETL=300A, and (c) ETL=500A.

transportation of the slower electrons from Alq or TPBI. The
increasing flux of electrons to the interface with temperature is
driven by the increasing mobility of the electrons with tempera-
ture. Therefore, the temperature dependence of the electrolumi-
nescence (EL) performance resulted from the temperature
dependence of the electron mobility.

The luminance also increased with increasing Cs,COs-doped
ETL from O to 500 A. As indicated in Fig. 3 and 4, current density, J,
increased with increasing Cs,CO3-doped ETL and flatted out at ETL
300 A for Alq:Cs,CO5, which was matched by L-V plots in Fig. 10.

Conversely, ] kept increasing with increasing ETL for TPBI:Cs,COs5,
which suggested that the device with Cs,COs-doped ETL are bulk
limited. The operating voltage for the Cs;COs-doped TPBI
measured a continuous decrease as the ETL thickness increased
relative the EML [22], indicating a near ohmic contact. Importantly,
the Cs,CO3-doped ETL luminance output continued to increase to
an ETL thickness beyond 500 A. These results demonstrate an OLED
can be optimized with a thick TPBI ETL and a lower operating
voltage.

It was well recognized that the electron mobility in the ETL (Alq
or TPBI) is less than the hole mobility in hole transport layer (NPB),
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Fig. 9. L-V curves of Cs,COs-doped TPBI at different temperatures (10-300K): (a)
ETL=0A, (b) ETL=300A4, and (c) ETL=500A.
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Fig. 10. Cs,CO3-doped Alq CT complex: (a) bulk-CT complex with ETL; (b) interface only CT complex without ETL.

and those difference was also observed in the different tempera-
ture ranges [23,24]. Therefore, the EL performance is controlled by
the slower electrons. In this work, we doped the ETL, Alq or TPBI,
with Cs,COs5 to increase electrons and their mobility, and balance
electrons and holes by tuning the Cs,COs-doped Alq or TPBI ETL
thickness [22]. Several photoemission studies have reported the
role of Cs,COs-doped Alq ETL OLED. In particular, Li et al. employed
a quartz-crystal microbalance to monitor the decomposition of
Cs,CO0s3 in situ and elucidated that Cs,CO3; decomposes to metallic
Cs during thermal evaporation, and that the low work function
metal Cs is responsible for the enhanced electron injection. The
metallic cesium mechanism reveals that Cs;COs; has a superior
electron injection ability regardless of the cathode metal [25].
Duan et al. indicated that Cs,CO5; with low evaporation temper-
atures would decompose and release low work function metal Cs
during evaporation, enabling promising electron injection for
OLEDs [26]. The enhanced electron injection is associated with a
strong n-doping effects and increase of electron concentrations in
the ETL induced by Cs,COs. Since such a reaction occurs without
the presence of metals, cathode structures incorporating Cs,CO3
may be applied to a wide range of electrode materials. However,
different ETLs (Alq or TPBI) did affect the properties of OLED
devices. Chan et al. reported that the performance of the n-type
layers depends on their electrical conductivities which can be
improved by using an electron-transporting host with higher
electron mobility [27]. Therefore, the higher mobility of TPBI OLED
could be one of the reasons for its superior performance.

The photoemission studies have demonstrated that the alkali
metal cesium (Cs) contributes to a charge transfer (CT) in
interaction with the N 1 s atoms in Alq organic molecules
[28,29]. Fig. 10 demonstrated the mechanisms of Cs,COs3-doped
Alq ETL. Fig. 10a showed the Cs,COs transfers an electron to
nitrogen in the Alg, which cause the molecules twisted and
distorted. Due to this distortion the molecule has higher energy
and is called Alq* with an extra electron. This process is defined as
bulk-CT complex, which is happened with Cs,CO3; doping. Those
Alq* have free electrons to improve electron mobility and decrease
the resistance. Furthermore, Alq has fewer nitrogen electron pairs
(3N) exposed contributing to enhanced bulk-CT complex and

electron mobility compared to TPBI (6 N) in Fig. 1. However, the
interface-CT complex is happened on the interface between
undoped Alq and cathode Mg/Ag in Fig. 10b. These results show
that nitrogen-group organic molecule conjugation is critical for the
design for improved electron transport, and the addition of
exposed N electron pairs in TPBI may contribute to improve bulk
electron transport properties in Cs,CO3-doped devices, which also
explained that Cs,COs-doped TPBI were more effective than
Cs,COs-doped Alq devices from Figs. 3-9.

Hu et al. studied the temperature-dependent EL and electron
mobility of the OLED with the structure ITO/poly(3,4-ethyl-
enedioxythiophene) (PEDOT) (50 nm)/N,N'-diphenyl-N,N'-bis(3-
methylphenyl)-1,1’-biphenyl-4,4’-diamine  (TPD) (50 nm)/Alq
(60 nm)/lithium fluoride (LiF) (1nm)/aluminum (Al) (90nm)
[30]. They indicated that although the electron mobility almost
triples with the temperature increasing from 60 to 220K, it still
cannot catch up with the holes accumulations at the interface. As
the hole density increases with temperature, the charge balance
factor deteriorates due to the accumulation of the holes at the TPD/
Alq interface. EL efficiency saturated below 220K and decreases
above that, and electron mobility, EL intensity had a maximum
around 220 K. However, in our study, the temperature dependence
of EL for Cs,CO3-doped Alq or TPBI showed that the charge balance
factor monotonically increases with increasing temperature. The
EL performance expressed the consistent temperature dependence
over the whole temperature range (10-300K), resulting from
increasing electrons and their mobility. The temperature depen-
dence of the electron mobility may attribute to an optimal physical
alignment among organic molecules that encourages charge
transport.

4. Conclusion

We have demonstrated different thickness dependence on the
operating voltage and temperature dependence on the current
density and luminance for Alq:Cs,CO3 ETLs as compared to TPBI:
Cs,CO3 ETLs. The current density for the Alq:Cs,COs ETL OLED
increased for ETL thickness from 100 to 300A. Beyond the ETL
thickness of 300A, the current density did not show further
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increase. The results indicate Alq:Cs,COs ETL thickness greater
than 300A are electron injection limited. The current density for
the TPBI:Cs,CO; measured a continuous increase as the ETL
thickness increased, indicating a near ohmic contact. Importantly,
the TPBI:Cs,CO3 luminance output continued to increase to an ETL
thickness beyond 500 A. These results demonstrate an OLED can be
optimized with a thick TPBI ETL and a lower operating voltage as
compared to an Alq OLED with a Cs,COs-doped ETL.

The temperature-dependent J-V and L-V characteristics for
both Alq:Cs,CO3 and TPBI:Cs,CO3 devices were investigated. The
temperature-dependent J-V characteristics demonstrated that
current density increased with increasing temperature from
10 to 300K and increasing Cs,COs-doped ETL thickness, which
fit well with the TCL current model. The EL performance increased
with increasing temperature monotonically over the whole
temperature range (10-300K). The temperature dependence of
the electron mobility may attribute to an optimal physical
alignment among Alq or TPBI molecules that encourages charge
transport. The observed difference between the Alq:Cs,COs ETL
and TPBI:Cs,CO3 ETL devices may be attributed to the number of
exposed nitrogen electron pairs in the electronic structure that can
contribute to the CT complex with the Cs atoms.
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