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The 8-hydroxyquinolinato lithium (Liq)|Ag system has been evaluated as the electron-injection layer for the
MoO,| N,N’-di (1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) charge-generation layer in

OLED tandem organic light-emitting diode (OLED) devices. From current-voltage studies of single-stack devices, it is

Tandem structure
Charge-generation layer

determined that Liq is a relatively poor electron-transport material. However, Liq is found to be useful as an
electron-injection layer with activation by Ag. Efficient tandem devices have been obtained using Liq|Ag as the

electron-injection layer adjacent to the MoO,|NPB charge-generation layer, where the optimal Ag thickness is
about 2040 A and the activation of Liq can be seen with as little as 1 A of Ag.

1. Introduction

Tandem organic light-emitting diode (OLED) devices are useful for
display and lighting applications where high brightness is necessary. In
a tandem OLED device, two or more individual electroluminescent (EL)
cells are physically stacked in parallel and electrically connected in
series by a common interconnect layer, also known as charge-genera-
tion layer (CGL) [1,2]. An ideal CGL should have minimal electrical
impedance and highest optical transparency, in addition to providing
ohmic contacts to the adjacent EL cells. Several CGL compositions have
been reported, typically formed by n-type|p-type or transition metal
oxide|p-type interface [3-7]. A commonly used transition metal oxide
material is MoO,, which is relatively stable and readily vapor-deposited
as a thin film from an air-stable MoO3 source. A key aspect to produce
efficient tandem devices is the charge injection from the CGL to the
adjacent EL cells. For electron injection materials, Li metal with a low
work function is useful. However, the handling of Li metal is incon-
venient, if not hazardous, for vapor deposition. Alternately, air-stable
lithium compounds, such as Li3N, can be used as a Li deposition source,
which release Li metal upon heating [8]. Rather than generating Li
metal from an evaporation source, n-type Li-doped contacts can be
produced by activating a deposited film of Li-containing compound,
such as the archetypical LiF, or molecule, such as 8-hydroxyquinolinato
lithium (Liq) [9] and other derivatives [10-12], typically with an
overlayer of vapor-deposited Al [13-16]. In this work, we have

examined specifically Liq|Ag for application as electron-injection layer
(EIL) of the MoOx|NPB CGL, and will show that Ag, despite its slightly
higher work function, is as effective as Al in activating Liq to form an n-
doped electron-injecting contact, offering an alternative to Al, a widely
used metal in organic electronic devices despite its tendency to alloy
with refractory metals, causing unstable deposition rates and reducing
the lifetime of the sources, whether is a thermal or e-beam evaporation
source.

2. Experimental

OLED devices were fabricated on pre-patterned indium tin oxide
(ITO) (~1000 A) glass substrates (1.5 X 1.5 inches) with a surface re-
sistance of ~15€/sq and an optical transparency of ~90%. The ITO
substrates were batch-wise cleaned by scrubbing with detergent solu-
tion, then rinsed, and subjected to 10 min agitation in ultrasonic baths
of DI water, acetone, and isopropanol, sequentially. Following a final
isopropanol rinse, the substrates were dried with nitrogen and treated
with oxygen plasma (2:15min, 400 W and 5 x 10~ ! mbar). All films
were prepared by vapor deposition in a vacuum chamber
(< 5.0 x 10~ ° Torr) without breaking vacuum until the OLED device
was completed with a 1000 A top silver electrode, at a constant rate of
5.0 A/s for silver. A typical layer sequence is as follows: A 20 A layer of
molybdenum oxide (MoO,) was deposited at about 0.3 A/s on ITO as
the hole-injecting layer (HIL), N,N’-di (1-naphthyl)-N,N’-diphenyl-(1,1’-
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Fig. 1. Drive voltage and EQE dependence on Liq thickness for devices: (A) ITO|MoO, (20 A)|NPB(600 A)|Alqs (400 A)|Liq(x)|Ag, and (B) ITO|MoOy (20 A)|NPB
(600 A)|Algs (400 A)|Bphen (100 A)|Liq(x)|Ag. The voltage and EQE were measured at 20 mA/cm?>,

biphenyl)-4,4’-diamine (NPB) was the hole transport layer (HTL), tris
(8-hydroxyquinolinato) aluminum (Alqs) was the electron transport
layer (ETL) as well as the light emitter, 4,7-diphenyl-1,10-phenan-
throline (Bphen) was the optional ETL, and 8-hydroxyquinolinato li-
thium (Liq) was the electron-injecting layer (EIL). The deposition rates
for the organic layers were typically 4 A/s. For Liq and silver thickness
dependence experiments, 0.1 A/s and 1.0 A/s were used for layer
thicknesses below and above 1A, respectively. Four identical OLED
devices with an active area of 0.1 cm? were produced on a single sub-
strate. The electroluminescent properties of the devices were recorded
with a Photoresearch PR650 SpectraScan Colorimeter and a Keithley
2400 source meter.

3. Results and discussion
3.1. Single-stack devices

We first evaluated Liq as the ETL in a series of single-stack OLED
devices (Devices A) — ITO|MoO, (20 A)|NPB(600 A)|Alqs (400 A)|Liq
(x)|Ag — where Liq is adjacent to the Alqs emitting layer. The Liq
thickness was varied from 0 to 200 A. As shown in Fig. 1A, the external
quantum efficiency (EQE) is very low (~0.2%) without the Liq layer,
due to apparently the penetration of Ag into Alqz during Ag deposition.
The EQE starts to increase around 2 A of Liq and reaches a maximum of
~1.1% around 50 A, while the drive voltage remains relatively con-
stant at ~8V throughout this thickness range. Beyond 50 A, the EQE
decreases rapidly while the voltage increases sharply, to 0.5% and
13.5Vat 200 A Liq, respectively. This variation of EQE and drive
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voltage with the Liq thickness can be attributed to the degree of Ag
penetration (with Ag as a quencher) into Alqs. Acting as a buffer layer,
Liq impedes the penetration of Ag. It has been previously reported that
Ag can diffuse deeply into Algs in the absence of a buffer layer, such as
Bphen [17-19]. Our data show that Liq is effective as a buffer, but,
unlike Bphen, it is not a good ETL. The sharp voltage rise with Liq
thickness larger than 50 A indicates that the interaction between Ag
and Liq is limited to 50 A and that the transport of electrons in a neat
Liq layer is relatively poor. The corresponding drop in EQE is likely a
result of a shift of the electron-hole recombination zone from the
NPB|Alqs interface towards the Algs|Liq interface, where the proximity
of the Ag electrode causes quenching.

Next, we evaluated Liq as the EIL in another series of single-stack
devices (Devices B) ITO|MoOx (20 A)|NPB(600 A)|Algs
(400 A)|Bphen (100 A)|Liq(x)|Ag — where a separate ETL, Bphen
(100 A), was inserted between the Alqs and Liq layers. The thickness of
the Liq layer was varied between 0 and 100 A. As shown in Fig. 1B, the
EQE values for Devices B are uniformly high compared to Devices A,
varying between 1.3% and 1.0%. Also, the drive voltage is lower
compared to Devices A, reaching a minimum of 5.8 V around 20 A of
Liq. These results demonstrate that Ag chemically interacts with Liq
during Ag deposition to form an electron-injecting contact. The optimal
Liq thickness is about 20 A.

Lig|Ag electron-injecting contacts where further investigated using
two sets of devices: Devices C: ITO|MoO; (20 A)|NPB(600 A)|Alqs
(400 A)|Bphen:Liq(100 A:x%)|Ag, and Devices D: ITO|MoOy
(20 A)|NPB(600 A)|Algs (400 A)|Bphen:Liq(100 A:x%)|Liq (20 A)|Ag.
The difference between these two sets of devices is an additional Liq
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Fig. 2. Drive voltage and EQE dependence on Liq doping concentration for devices: (C) ITO|MoO;, (20 A)|NPB(600 A)|Alqs (400 A)|Bphen:Liq(100 A:x%)|Ag, and
(D) ITO|MoO, (20 A)|NPB(600 A)|Alqs (400 A)|Bphen:Liq(100 A:x%)|Liq (20 A)|Ag. The voltage and EQE were measured at 20 mA/cm?.
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(20 A) layer in contact with the Ag electrode. As shown in Fig. 2A for
Devices C without the Liq (20 A) layer, the drive voltage increases
(from 7.6 V to 8.2V) and the EQE decreases (from 1.2% to 1.0%), both
linearly, as the Liq component in the Bphen:Liq mixture is increased
(from 0% to 20%). In contrast, as shown in Fig. 2B, there is less var-
iation in both drive voltage and EQE for Devices D with a Liq (20 A)
layer. Also noteworthy is that the drive voltage for Devices D is lower
than Devices C by more than 1 V. These results indicate that doping Liq
into Bphen (up to 20%) has relatively little effect on producing elec-
tron-injecting contact with Ag. In fact, Liq appears only to reduce the
electron mobility in a Bphen:Liq mixture by diluting the Bphen com-
ponent. Previous reports have shown an improved electron-injecting
contact with a Liq-doped Bphen layer [11,20-23]. However, the im-
provements were obtained with Al instead of Ag as the cathode metal,
which is consistent with the fact that Al, being highly reactive, can react
with both Liq and Bphen to form the electron-injecting contact.
Whereas with a less reactive Ag as the cathode, an efficient electron-
injection contact, Lig|Ag, can only be obtained with a neat Liq layer. By
contrasting these results to those from Devices A and B, it is clear that
Liq|Ag is useful in forming the EIL adjacent to the CGL in tandem de-
vices.

3.2. Tandem devices

Following the characterization of Liq|Ag as the electron-injection
contact in the single-stack devices, we proceeded to fabricate tandem
devices with Liq|Ag as the as the EIL for the MoOx|NPB CGL. The layer
structure with symmetrical front and back units is as follows: ITO|MoOy
(20 A)|NPB(600 A)|Alqs (400 A)|Bphen (100 A)|Liq(20 A)|Ag
(x)|MoOx (20 A)|NPB(600 A)|Alqs (400 A)[Bphen (100 A)|Liq
(20 A)|Ag. The thickness of Ag in the EIL was varied from 0 to 50 A. As
shown in Fig. 3, functional tandem devices with a drive voltage around
14V and an EQE of 2.2% have been obtained with Ag of thickness
around 10-20 A. These voltage and EQE values approximately double
those of single-stack devices, indicating that Liq|Ag is an effective EIL,
even compared to tandem devices with EIL consisting exclusively of Liq
(Fig. S1) or Ag (Fig. S2). Further increase in Ag thickness reduces EQE
due to light absorption, as expected. It is also interesting to note that a
Ag layer as thin as 1 A can activate electron injection in Liq.

The electrical properties of the EIL were further evaluated by
studying the JV characteristics of tandem devices where the charge
carriers injected from the electrodes can be decoupled from those
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Fig. 3. Drive voltage and EQE dependence on Liq thickness for: ITO|MoO,
(20 A)|NPB(600 A)|Algs (400 A)|Bphen (100 A)|Liq (20 A)|Ag(x)|MoOx
(20 A)|NPB(600 A)|Algs (400 A)|Bphen (100 A)|Liq (20 A)|Ag devices. The
voltage and EQE were measured at 20 mA/cm?.
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Fig. 4. Current density-voltage characteristics for: ITO|Alqs (400 A)|Bphen
(100 A)|EIL|MoO, (20 A)|NPB(600 A)|Ag devices, where the EIL is 1) Liq
(40 A)|Ag (40 A) and 2) Liq (40 A).

generated and injected by the CGL. For this purpose, a set of “single-
carrier” devices with the following layer configuration was fabricated:
ITO|Algs (400 A)|Bphen (100 A)|EIL|MoO, (20 A)|NPB(600A) |Ag,
where the formulation of the EIL comprised: 1) Liq|Ag and 2) Lig. In
this configuration, hole injection from ITO and electron injection from
Ag are purposely blocked with Alqs and NPB as the respective hole-
transport and electron-transport layers. Consequently, the JV char-
acteristics should reflect only the efficiency of charge generation and
the injection of holes (into NPB), and electrons (into Bphen) from the
EIL. As shown in Fig. 4, JV characteristics are highly dependent on the
nature of the EIL. With a fully functional EIL, Liq (40 A)|Ag (40 A),
which is similar to the one used in the tandem devices of Fig. 3, the JV
is normal, indicating efficient injection of electrons, from Lig|Ag to
Bphen. With a neat layer of Liq (40 A) as EIL, there is a very large
voltage shift (~15V) in the JV characteristics, indicating poor electron
injection efficiency from unactivated Liq. It should be noted that similar
inefficiency is observed in the tandem cells of Fig. 3 with neat Liq as the
EIL.

Most reports rather use Al as the metal cathode with Liq as the EIL
[13-15], despite the intrinsic difficulties related to Al deposition
through thermal and e-beam evaporation. Comparing Al and Ag, both
metals have similar sublimation temperature, work function, and
atomic size. Liu et al. justified the slightly lower device performance
observed with Ag due to its low reactivity, compared to Ca, Mg, and Al
[24]. We compared Ag, Cu, and Al for use as the cathode metal in the
EIL. As shown in Fig. 5, the JV characteristics for the two-stack tandem
devices, ITO|MoO, (20 A)|NPB(600 A)|Algs (400 A)|Bphen (100 A)|Liq
(40 A)|Metal(40 A)|[MoO, (20 A)|NPB(600 A)|Alqs (400 A)|Bphen
(100 A)|Liq (20 A)|Ag, are highly dependent on the composition of the
CGL. With Ag and Al as the cathode, the tandem devices behave nor-
mally requiring a drive voltage of 12.7V and 12.9V, respectively,
which is double that of the corresponding single-stack devices. Cu
produced an inferior tandem device with a distinctly higher drive vol-
tage of 17 V. The EQE values revealed a similar trend with a value of
about 2% for Ag and Al and a lower value of 1.7% for Cu. This de-
pendence of the device performance on the metal electrode may be
attributed to the difference in their work functions, and the resulting
energy barrier between the n-doped electron-injecting layer and MoOy
work function [6,7]. With a higher work function, Cu (~4.7eV) is less
reactive and not as effective as either Al or Ag (both ~4.3eV) activating
Liq and forming the necessary electron-injecting contact between EL
cells. This is consistent with Liu et al. [24], and recent results from Shi
et al. [5], where Liq was effectively activated even with a low work
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Fig. 5. Current density-voltage (A) and current density-external quantum efficiency (B) characteristics for two-stack tandem devices: ITO|MoOy (20 A)|NPB
(600 A)|Algs (400 A)|Bphen (100 A)|Liq (40 A)|Metal(40 A)|MoO, (20 A)|NPB(600 A)|Alqs (400 A)|Bphen (100 A)|Liq (20 A)|Ag.

function metal such as Ca in tandem devices. Our results further sup-
port that low work function and more compatible metals with thermal
evaporation can produce efficient tandem devices, with Liq as n-doped
electron-injecting layer.

4. Conclusions

We have evaluated Liq|Ag for applications as the electron-injection
layer in tandem OLED devices. Using single-stack devices, Liq, as a neat
material, was found to be a relatively poor electron-transport layer
compared to other common electron-transport materials such as Bphen.
However, Liq was found to be effective as an electron-injection layer up
to a thickness of about 40 A with an overlayer of vapor-deposited Ag.
We have obtained efficient tandem devices using Liq|Ag as the electron-
injection layer, where the optimal Ag thickness is about 20-40 A and
the activation of Liq can be affected with as little as 1 A of Ag.
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