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The Role of Transition Metal Oxides in Charge-
Generation Layers for Stacked Organic
Light-Emitting Diodes
By Sami Hamwi, Jens Meyer, Michael Kröger, Thomas Winkler, Marco Witte,

Thomas Riedl,* Antoine Kahn, and Wolfgang Kowalsky
The mechanism of charge generation in transition metal oxide (TMO)-based

charge-generation layers (CGL) used in stacked organic light-emitting diodes

(OLEDs) is reported upon. An interconnecting unit between two vertically

stacked OLEDs, consisting of an abrupt heterointerface between a Cs2CO3-

doped 4,7-diphenyl-1,10-phenanthroline layer and a WO3 film is investigated.

Minimum thicknesses are determined for these layers to allow for

simultaneous operation of both sub-OLEDs in the stacked device.

Luminance–current density–voltage measurements, angular dependent

spectral emission characteristics, and optical device simulations lead to

minimum thicknesses of the n-type doped layer and the TMO layer of 5 and

2.5 nm, respectively. Using data on interface energetic determined by

ultraviolet photoelectron and inverse photoemission spectroscopy, it is

shown that the actual charge generation occurs between the WO3 layer and

its neighboring hole-transport material, 4,4’,4’’-tris(N-carbazolyl)-triphenyl

amine. The role of the adjacent n-type doped electron transport layer is only to

facilitate electron injection from the TMO into the adjacent sub-OLED.
1. Introduction

Organic light-emitting diodes (OLEDs) have attracted much
interest in research and development in the last two decades. A
longoperating lifetimemust be ensuredbeforemass-productionof
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OLEDs for the consumer market can start.
An elegant way to meet this requirement
using present organicmaterials and devices
is to stack a number ofOLEDson topof each
other, so as to significantly reduce the stress
on each light-emitting unit while still
achieving a given luminance level.
Interconnecting units that serve as charge-
generation layers (CGL) are required when
driving OLED stacks as two-terminal
devices. The first studies by Kido et al.
suggested that indium tin oxide (ITO) or
tetrafluorotetracyanoquinodimethane (F4-
TCNQ) adjacent to a hole-transport layer
(HTL) may lead to the generation of holes
and electrons upon application of an electric
field.[1] Since this early work, various
concepts for CGL structures have been
published, including junctions between
chemically p- and n-doped charge transport
layer,[2–4] the insertion of thin metal or
transparent conductive oxide (TCO)
layers,[1,5] and the insertion of transitionmetal oxides (TMOs).[6–10]

It was recently shown that the charge-generation mechanism
when using a doped organic p–n heterojunction is based on a
temperature-independent field-induced charge separation sup-
ported by a large band bending at the interface. This interpretation
was evidenced by results fromKelvin probemeasurements.[11] On
the other hand, speculation remains about the mechanism
operating at TMO-based CGLs. Terai et al. proposed a thermal
stimulationmodel in which the charge generation is claimed to be
thermally assisted. Based on the assumption of impurity levels
within thebandgapofV2O5, electrons are supposed todiffuse from
the valence band of the TMO to the lowest unoccupied molecular
orbital (LUMO) of the adjacent n-type doped electron-transport
layer (ETL), which is regarded as the charge-generation mechan-
ism.[12] Very recently, Qi et al. suggested a specific energy-level
alignment between lithium-doped 4,7-diphenyl-1,10-phenanthro-
line (BCP) and MoO3 to explain the charge-generation mechan-
ism.Theassumptionmade is that of a thermally assisted tunneling
injection of electrons into the ETL and a concomitant hole
generation within the TMO layer.[13] In that model, MoO3 is
assumed to be a p-type semiconductor with the valence band and
conduction band located at 5.7 and 2.3 eV below vacuum level
(Evac), respectively. However, in view of recent reports on the
electronics structure of MoO3 this model must be revised.[14–17]

Basedonresults obtainedbyultraviolet and inversephotoemission
Adv. Funct. Mater. 2010, 20, 1762–1766
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spectroscopy (UPS and IPES), MoO3 exhibits a deep lying
conduction band at 6.7 eV and a high work function of 6.9 eV
and therefore shows properties of an n-type semiconductor.[14]

Similar results have been reported for other TMOs like WO3

exhibiting a similarly highwork function, firstmeasured byMeyer
et al. via Kelvin probe technique and confirmed by photoemission
spectroscopy.[17,18] Consequently, the CGL model mentioned
above, in which holes are claimed to be generated within the TMO
and subsequently drift towards the HTL, must be revised entirely.

To clarify the TMO-based CGL mechanism, we present a
detailed study of the interconnecting unit placed in a stacked
double OLED structure. By conventional vertical stacking, an
abrupt heterointerface is automatically formed between aCs2CO3-
doped 4,7-diphenyl-1,10-phenanthroline (BPhen) layer as the
topmost ETL of the bottom light-emitting unit, and WO3 as
the lowermost constituent of the top OLED (Fig. 1). To analyze the
functionality of the interconnecting unit, we vary the thickness of
its components and measure the electro-optical properties of the
stacked OLEDs. With the help of luminance–current density–
voltage (L–I–V) measurements, the analysis of the angular
resolved spectral emission characteristics, and simultaneous
optical device simulation, we unambiguously identify the
minimum required thickness that makes each individual
constituents of the interconnecting unit fully functional. Using
the energetics determined via UPS and IPES for the interfaces
between the interconnecting unit and adjacent charge transport
layers,[19] we demonstrate that the actual charge generation
process takes place at the interface between the thin film of WO3

and the neighboring HTL. A large interface dipole between these
two layers is found. These results prove former assumptions of a
thermally assisted charge-generationmechanismwithin the TMO
to be invalid. Based on these findings, we suggest a general design
rule for CGLs involving TMOs.
2. Results and Discussion

The twofold stacked OLEDs were prepared by stacking two green
light-emitting organic diodes with identical layer sequence on-top
of each other (Fig. 1). Each OLED comprises a thin film of WO3

followed by 4,4’,4’’-tris(N-carbazolyl)-triphenyl amine (TCTA) as
the HTL and 1,3,5-tris(phenyl-2-benzimidazolyl)-benzene (TPBi)
as the ETL. The emission layer is formed by fac tris
Al

ITO
glass substrate

WO3

TCTA

BPhen:Cs2CO3

TPBi:Ir(ppy)3

TPBi

WO3

BPhen:Cs2CO3

OLED 1

TPBi

TCTA
TPBi:Ir(ppy)3OLED 2

Figure 1. Layer sequence of the twofold stacked OLED.
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(2-phenylpyridine)iridium (Ir(ppy)3)-doped TPBi (7 vol%) located
between theHTLand theETL.Finally, eachOLEDunit is cappedby
Cs2CO3-doped BPhen (16wt%) as an efficient electron-injecting
layer (EIL). Indium tin oxide (ITO) and Al are used as bottom and
top electrode, respectively.

2.1. Critical Layer Thickness

As a first step to study the heterointerface between both sub-
OLEDs,we varied the thickness of theWO3 layer inOLED2 (Fig. 1)
from 0 to 5 nm and simultaneously changed the thickness of the
neighboring HTL from 45 to 40 nm, keeping the overall thickness
of the stackedOLEDs as well as the distance between the emission
layers and the electrodes constant (Table 1, series A). The current
efficiency (h) versus luminance (L) characteristics are shown in
Fig. 2a.WithoutWO3, or for a TMO thickness less than 1.5 nm, the
stacked OLEDs only exhibit low current efficiencies of about
10 cdA�1. This changes abruptly for a thickness of the TMO layer
of 2.5 nm and beyond, for which the current efficiencies jump to
values between 50 and 56 cdA�1 (at 1 000 cdm�2). Furthermore,
we observed that only for devices with WO3 layer thickness larger
than 2 nm the onset voltage is less than 5 V (not shown here). This
indicates an efficient charge-generation mechanism, since the
onset voltage is only twice that of each individual sub-OLED of
similar structure.[18] In this case, no significant potential drop
occurswithin theCGLtogenerate and separate the charge carriers.
The first result of this experiment is therefore that the CGL
interconnecting architecture is not fully functional in stacked
OLED devices as long as the WO3 layer thickness is below some
critical value. A further set of experiments leads to a similar
conclusion regarding the EIL, in that the efficiency of stacked
OLEDs is significantly lower than 60 cdA�1 when using
insufficiently thick films of Cs2CO3-doped BPhen at the CGL
heterointerface. The thickness of the n-doped ETL of OLED 1
(Fig. 1) is varied from 0 to 10 nm while simultaneously changing
the thickness of the neighboring layer of TPBi from 50 to 40 nm
and keeping the thickness of WO3 at 5 nm as well as the overall
thickness of the stacked OLEDs constant (Table 1, series B).
Starting at a doped BPhen thickness below 5nm, we obtained a
current efficiency around40 cdA�1 (Fig. 2b).As the layer thickness
increases to 5 nm and beyond, the current efficiency again jumps
to higher values of around 55 to 60 cdA�1, indicating full
functionality of the stacked device.
Table 1. Layer sequence and thicknesses (given in nm) of the two OLED
series A and B.

Layer Series A Series B

Al top electrode

OLED 2 BPhen:Cs2CO3 20 20

TPBi 30 30

TPBi:Ir(ppy)3 10 10

TCTA (45 – X) 40

WO3 X 5

OLED 1 BPhen:Cs2CO3 20 Y

TPBi 30 (50 – Y)

TPBi:Ir(ppy)3 10 10

TCTA 40 40

WO3 5 5

ITO bottom electrode

ag GmbH & Co. KGaA, Weinheim 1763
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Figure 2. h versus L characteristics of the twofold stacked OLEDs upon

a) variation of the WO3 layer thickness with constant thickness of the

BPhen:Cs2CO3 component (series A) and b) variation of BPhen:Cs2CO3

thickness with constant thickness of WO3 (series B).
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To clarify the nature of an incomplete interconnecting unit and
its impact on the operation of the stacked OLEDs, we conducted
angular-dependent measurements of the electroluminescence
(EL) spectra and compared the results with optical device
simulation. For a better illustration, the EL spectra are converted
toCIE (Commission Internationale de l’Eclairage) coordinates and
summarized within respective sections of the CIE color space
diagrams (Fig. 3).While the stackedOLEDswithaWO3 layerbelow
the critical thickness showed highly angular-dependent CIE
characteristics, the situation changed with increased thickness of
the TMO layer (Fig. 3a). There, the CIE values only ranged from
X¼ 0.64 to 0.62 and from Y¼ 0.28 to 0.30 for angles between 08
and 708. The same characteristics are obtained with optical device
simulation by assuming full operationof both light-emittingunits.
However, in case of stacked OLEDs with an incomplete
heterointerface (with WO3 thickness below 2nm), the CIE
characteristics can only be reproduced if we assume that only
OLED 1 emits light. As a result it is essential to note, that the low
efficiency of the entire stack cannot be explained by two partially
functional sub-OLEDs.On theotherhand, this result indicates that
the contributionof sub-OLED1 to the total current efficiency is less
than that of sub-OLED 2 operated under similar conditions, as
� 2010 WILEY-VCH Verlag GmbH & C
reflected by the L–I–Vmeasurements above (Fig. 2a). Thereby, the
asymmetric contribution of both light-emitting units to the
luminance must be attributed to the non-optimal distance of the
emission layer of sub-OLED 1 to the metallic top contact, which
leads to a substantially lower out-coupling efficiency for this light-
emitting unit. Similarly, the comparison between experiment and
simulation upon variation of the thickness of the Cs2CO3-doped
BPhen film demonstrates the following. Full operation of both
light-emitting units is achieved for thick layers of BPhen:Cs2CO3,
whereas light emission from only sub-OLED 2 is obtained for a
BPhen:Cs2CO3 thickness below 5nm (illustrated by two CIE
characteristics in Fig. 3b). As a first result of these electro-optical
studies, we conclude that 5 nm of n-type doped BPhen and 2.5 nm
ofWO3 represent the critical thicknesses for full operation of both
sub-OLEDs of the entire stacked device.When only one sub-OLED
is actually emitting, a leakage current through the non-emitting
sub-OLEDmust supply charge carriers for theemitting sub-OLED,
leading to comparatively high operating voltages for these stacked
OLEDs (not shown here).

2.2. CGL: Principle of Operation

All reports on CGL units published so far emphasize the
requirement of an n-type doped organic semiconductor layer
o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 1762–1766
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Figure 5. Energy level diagram of the BPhen:Cs2CO3/WO3/TCTA junction

determined by UPS and IPES (spectra of these measurements will be

published elsewhere) [19].
adjacent to a p-type doped layer, a TCO layer, or aTMO layer. This is
strong evidence of the essential role played by such a layer in the
mechanisms operating in the CGL. In the following, we show that
it serves as EIL, while the actual process of charge generation
occurs at adifferent interface.Weuse theelectronic structureof the
interface between Cs2CO3-doped BPhen andWO3 determined via
UPS and IPES.[19] As shown in previous Kelvin probe and UPS
measurements, a 10-nm-thick layer of WO3 (deposited on Au-
coated nþ doped Si) exhibits a high work function (WF) of
6.68 eV.[17,18] The electron affinity (EA) and ionization energy (IE)
of such a layer have been found equal to 6.45 and 9.83 eV via IPES
andUPSmeasurements, respectively. The small energy difference
betweenEAandWFindicates that theFermi levelEF is very close to
the TMO conduction band minimum and thus that the TMO is a
highly n-type doped semiconductor, presumably due to oxygen
vacancy defects acting as donors in transparent conducting
oxides.[20] For MoO3, the formation of oxygen deficient films has
been evidenced by X-ray photoelectron spectroscopy and is
attributed to the decomposition and preferential evaporation of
the lower vapor pressure constituent atomic species.[21,22]

During the gradual deposition ofCs2CO3-dopedBPhen (9wt%)
onto WO3, the WF F of the film decreases with almost parabolic
characteristics, indicating the formation of a space charge region
within the organic ETL (Fig. 4). Starting with the large value
corresponding to the neat layer of WO3, F drops and finally
saturates at 2.5 eV for thicknesses d of 13–26 nm. The saturation
actually occurs at approximately 7.5 nm when considering the
parabolic characteristics of the work function indicated by the fit
(Fig. 4). Taking into account the IE (6.8 eV) and EA (2.4 eV) of
BPhen:Cs2CO3 measured by UPS and IPES, the energy level
alignment at the interface with the TMO can be represented as
shown in Figure 5, which corresponds to the heterointerface
between the bottomOLED1 and the topOLED2. It is evident from
this schematic thatnochargegenerationoccursbetween then-type
doped BPhen and the TMO layer. On the other hand, electrons
reaching this interface can tunnel from the conduction band (CB)
ofWO3 through the narrow potential barrier into the LUMOof the
n-doped organic ETL. The higher tunneling probability is strongly
supported by the fact that the highWF difference of the TMO and
BPhen:Cs2CO3amounts to4.2 eV, leading to iso-energetic electron
levels in the CB of WO3 and LUMO of the ETL. These results also
explain that below theminimum thickness of n-type doped BPhen
Figure 4. F measured by UPS on Cs2CO3-doped BPhen (9wt%) with

thickness d deposited on 10 nm of WO3.
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layer, an incomplete space charge region forms, the WF does not
reach saturation in the BPhen-covered WO3, and the built-in
potential remains too low to allow for efficient tunneling of
electrons. In that case, the energy difference between the CB of
WO3 and the LUMO of BPhen:Cs2CO3 increases as the thickness
of the n-type doped layer decreases. Concomitantly, the shape of
the tunnel barrier for electrons changes unfavorably into a
rectangle. Taking into account the fact that the n-type doping
concentration used in the stacked OLEDs was higher than in the
samples studied by UPS/IPES, the minimum thickness of 5 nm
foundabove is in favorable agreementwith the characteristicwidth
of the space charge regionderivedhere.On the other hand, the 2.5-
nm minimum thickness of WO3 found in our electro-optical
studies is believed to be simply related to the required amount of
deposited material necessary to form a continuous layer of TMO.
From the study of the heterointerface between the stackedOLEDs,
we can unambiguously conclude that the Cs2CO3-doped BPhen
only acts as an EIL and is not directly involved in the charge-
generation process. Consequently, the actual charge-generation
mechanism must be attributed to the heterointerface between
WO3 and TCTA within OLED 2. UPS and IPES measurements
show an interfacial dipole D¼ 1.5 eV between the two materials,
completewithonly1.6 nmof theorganicmaterial, aswell as a small
(0.8 eV) barrier between the highest occupied molecular orbital
(HOMO) of TCTA and the CB of WO3.

[19] This electronic
configuration allows therefore electrons to be injected into the
TMO CB, resulting in a hole in the HTL. Note that this interface
molecular level alignment is entirely equivalent to that recently
found by Kröger et al. for interfaces between MoO3 or WO3 and
another HTL, N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-
4,4’-diamine (a-NPD).[16,23]

Accordingly, our findings cast some doubt on the recently
published hypothesis about a two-step process of a charge
generation directly within the TMO and an electron injection
afterwardsbasedona tunneling-assisted thermionic emission into
then-typedopedETL, since that explanationneglects recent results
concerning the electronic structure of TMOs.[13] The resulting
misconception denotes the combination of n-type doped ETL and
TMO as the essential components of a CGL. According to our
study, the combination of the TMOandHTLfilms can be regarded
as the actual CGL, given the highwork function and the deep lying
ag GmbH & Co. KGaA, Weinheim 1765
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CB of the TMOs on the one hand, and the energy level alignment
with the HOMO of the adjacent HTL on the other. This result
appears to be of general nature, as the recent results reported by
Kröger et al. show that the hole injection fromMoO3 intoa-NPD is
based on a similar mechanism.[16] It is also worth noting that the
role of TMOs in CGLs can be compared with the one of, for
example, 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-
CN), which also exhibits a highWF (�6 eV) and a deep lying LUMO
level. This leads to the same electric-field-assisted charge-generation
mechanism at the interface betweenHAT-CN and a hole transport
material.[24,25] As a consequence, the n-type doped BPhen is only
required to enable an efficient electron injection from the TMO
into the bottomOLED unit. The formation of an interfacial dipole
is also likely at the interface between TMO and a non-doped ETL.
This could possibly explain the steep decay of the WF within the
first few monolayers of BPhen:Cs2CO3 deposited on top of the
TMO, leading to some local deviation from the ideal parabolic fit
(Fig. 4, first few nanometers). However, the value of the dipole is
supposed to amount between 1.5 and 2 eV, which is not sufficient
for an electron injection from the deep lying CB of the TMO into
the LUMOof a non-doped ETL like TPBi as has been shown by our
electro-optical studies.

3. Conclusions

In summary, we have demonstrated that the charge-generation
mechanism in TMO-based interconnecting units of stacked
OLEDs occurs at the heterointerface between the TMO and the
adjacent non-doped hole-transporting layer (e.g., TCTA).Despite a
substantial interfacial dipole of 1.5 eV, the energetic difference
between the CB ofWO3 and the HOMO of TCTA only amounts to
0.8 eV, allowing for anefficient chargegeneration andseparationat
this interface. Consequently, the combination of TMO and
HTL states the actual CGL. This is due to the nature of TMOs
like WO3 and MoO3 having a deep-lying conduction band and a
highWF. Accordingly, an electric-field-assisted charge-generation
process takes place. Consequently, the adjacent n-type doped
electron transport layer is only used to facilitate the electron
injection from theTMOinto the adjacent sub-OLED.These results
have been used to explain the experimental results on twofold
stackedOLEDswith a correspondingCGLarchitecture. In order to
find both sub-OLEDs fully functional, a critical thickness of the
doped ETL and the TMO has been determined to be 5 and 2.5 nm,
respectively.

4. Experimental

The device preparation and characterization was carried out at the TU
Braunschweig. All devices were prepared on commercial glass substrates
coated with 140-nm-thick ITO with a sheet resistance of 14V sq�1 (Merck).
The deposition of the organic and inorganic filmswere carried out by thermal
evaporation within a 10�8 mbar vacuum system with separate deposition
chambers for n-type doping as well as transport and emitting materials and
metal contact. The deposition rate for all organic and inorganicmaterials was
controlledby quartz-crystalmonitors and kept constantwithin the range from
0.02 to 0.1 nms�1. For the evaporation ofWO3 andCs2CO3weused shielded
high-temperature evaporation sources (CreaTec). The doping of TPBi and
BPhen with Ir(ppy)3 and Cs2CO3, respectively, was made by thermal co-
evaporation controlled via two separate quartz-crystal monitors. A Keithley
2400 source meter in combination with a calibrated Advantest TQ 8221
� 2010 WILEY-VCH Verlag GmbH & C
photodetecting unit was applied for L–I–V measurements under ambient
conditions. The angular resolved EL spectra were obtained by an optical fiber
connected with an imaging monochromator system (Triax320, CCD4000,
Jobin Yvon). Thereby, the stacked OLEDs were operated at current densities
from 10 to 80mAcm�2. The maximum angle of collection given by the
measurement setup can be estimated to 0.18. Optical device simulation was
performed by the commercial software ETFOS (Fluxim). The optical
parameters of the organic materials in the device stack have been obtained
byspectroscopicellipsometry(Sopra).TheUPSandIPESmeasurementswere
conducted atPrincetonUniversity.Details of the experimental setuparegiven
elsewhere [19].
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