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By inserting an ultrathin silver nanoparticles (Ag NPs) layer between n- and p-type layer of charge
generation connector, the performance of the tandem organic light emitting device was improved
drastically; the driving voltage was lowered and the luminous efficiency was increased significantly.
As the common electrode for two emissive units, Ag NP layer sits at the PN heterojunction interface
responsible for charge generation and offers more charge carriers under a lower driving voltage.
Additionally, the surface plasmonic resonance of Ag NPs also plays an important role on device
improvement. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807664]

Organic light-emitting diodes (OLEDs) are current-
driven devices. Ideally, their luminance should linearly
increase with the increasing current density. However, to
achieve higher luminance in an actual application, an OLED
has to operate at a relatively high current density, which indu-
ces severe bi-exciton,1 polaron-exciton annihilation,2 and
Joule heating,’ undesirably leading to a lower efficiency level
and a shorter operational lifetime. By connecting two or more
emissive units in series, the so-called tandem OLEDs offer
the capability of higher current efficiency levels, longer
operational lifetimes, and higher brightness compared to a
single emissive unit OLED, while maintaining the same cur-
rent density as the single unit OLED.*” In general, to make a
low driving voltage and high efficiency tandem device, an
excellent connector prone to generate charge is required.”'°

Similar with P and N doped charge injection layers, for
p-type layer used in the charge generation layer (CGC),
molecules or transition metal oxides with high electron affinity
are excellent dopant, such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ),” molybdenum oxide
(M003),9’10 and tungsten oxide (WO3).8’10 For n-type layer,
chemicals with low ionization potential are required. So far,
mostly used n-type dopant are active metals (such as magne-
sium,8 (:esium,4 and lithium9’10), active metal-salt compounds
(such as cesium carbonate, CSZCO3),6 and some special organic
molecule dopants. The cesium and lithium metals are difficult
to handle and store because of their activity. And their atoms
are small in size and easy to diffuse into emission region,
quenching the electroluminescence (EL).!' Additionally, the
chamber contamination is also a problem for magnesium evap-
oration. For organic n-type dopants, besides their expensive
prices, we hardly know anything from vendors.

Considering all these features, among all n-type dopants,
Cs,CO3 is a good choice, which shows excellent electron
injection for cathode ohmic contact in single emissive unit
devices. But it is not so good to be used in the CGC in
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tandem devices.®'>!? In this work, to show the effect of sil-
ver, we selected Cs,CO; as the dopant and 2,2',2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) as
host for n-type layer in the CGC. A classical combination of
F4-TCNQ doped 4,4',4"-tris(N-3-methyphenyl-N-phenyl-

mino)triphenylamine (m-MTDATA) served as p-type
layer."*'> The control device is with such n- and p-type
layers.

Five OLEDs were fabricated and compared: Device-A:
ITO\m-MTDATA (40 nm)\N,N’-di(naphthalene-1-yI)-N,
N’-diphenyl-benzidine (NPB) (10 nm)\,4’,4”-tris(carbazol-
9-yDtriphenylamine (TcTa) (10nmN\TcTa:TPBi:Bis(3,5-
difluoro-2-(2-pyridyl)phenyl-(2-arboxypyridyl)iridium(III))
(FIrPic) (1:1 7wt. %, 20nm\TPBi (20 nm)\TPBi:Cs,CO;
(5 wt. %, 30nm)M\AI (100 nm), Device-B: ITO\m-MTDATA
(A0 nm)\NPB(10 nmN\TcTa (10 nm)\TcTa:TPBi:FIrPic (1:1
Twt. %, 20nmN\TPBi (20nm)\TPBi:Cs,CO5; (5 wt. %,
30nm)\m-MTDATA:F4-TCNQ  (10wt. %, 30 nm)\m-
MTDATA 20nm\NPB (10 nm)\TcTa (10 nm\TcTa:TPBi:
FIrPic (1:1 7wt. %, 20nmN\TPBi (20 nm)\TPBi:Cs,CO;
(5 wt. %, 20nm)M\AI (100 nm), Device-C: ITO\m-MTDATA
(40 nm)\NPB (10 nmN\TcTa (10 nm)\TcTa:TPBi:FIrPic (1:1
Twt. %, 20nmN\TPBi (20nm)\TPBi:Cs,CO5; (5 wt. %,
30nmMNAg  2nm)\m-MTDATA:F4-TCNQ (10 wt. %,
30 nm)\m-MTDATA (20nm)\NPB (10nm)\TcTa (10nm)
\TcTa:TPBi:FIrPic (1:1 7 wt. %, 20nm)\TPBi (20 nm)\TPBi:
Cs,CO; (S5wt. %, 20nm)MAl (100nm), Device-D: ITO\m-
MTDATA (40nm)\NPB (10 nm\T'cTa (10 nm)\TcTa:TPBi:
FIrPic (1:1 7wt. %, 20nm)\TPBi (20nm)\TPBi:Cs,CO;5
(5 wt. %, 30 nmN\AI (2 nm)\m-MTDATA:F4-TCNQ (10 wt. %,
30nmM\m-MTDATA (20nm)\WPB (10nmN\TcTa (10nm)\
TcTa:TPBi:FIrPic (1:1 7wt. %, 20nm)\TPBi (20 nm)\TPBi:
Cs,CO;5 (5wt. %, 20nmM\AIL (100 nm), and Device-E: ITO\m-
MTDATA (40nm)\NPB (10 nm\TcTa (10 nm)\TcTa:TPBi:
Bis(2-phenylquinoline)(acetylacetonate)iridium(III) (Ir(2-phq),
acac) (1:1 10wt.%, 20nmN\TPBi (20 nmN\TPBi:Cs,CO;
(5 wt. %, 30 nmMNAg (2 nm)\m-MTDATA:F4-TCNQ (10 wt. %,
30nmN\mM-MTDATA (20nm)\NPB (10nm)\TcTa (10nmQ\
TcTa:TPBi:FIrPic (1:1 7wt. %, 20nm)\TPBi (20 nm\TPBi:

© 2013 AIP Publishing LLC
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Cs,CO;3 (5wt. %, 20nmMNAl (100nm). Device-A is a single
emissive unit device. Device-B is the control tandem device
with a CGC of TPBi:Cs;CO;Nn-MTDATA:F4-TCNQ;
Device-C and Device-D are the tandem devices with the CGC,
respectively, modified by adding an ultrathin Ag and Al layer,
respectively, between TPBi:Cs,CO; and m-MTDATA:F4-
TCNQ layer, and Device-E is the tandem white device using
the same CGC with Device-C. Other used organic materials are
NPB, TcTa, FIrPic, Ir(2-phq),acac, which are used as hole
transport layer, hole transport layer\p-type host, and emitting
dopants, respectively. The energy alignment schematic of elec-
trodes and all used materials are shown in Fig. 1.'%°

Patterned ITO-coated glass substrates (15€Q/sq) were
used in our experiment. The ITO substrates were cleaned
with de-ionized water, isopropanol, and acetone in sequence
first. Then they were oven-dried and treated in O, plasma. All
functional films and aluminum (Al) electrode were fabricated
by thermal evaporation in a single run at a pressure of less
than 4 x 10~* Pa without breaking the vacuum. All the organ-
ics and metal oxide were evaporated at a rate of about
0.1-0.2nm sfl, and the aluminum electrodes were evapo-
rated at a rate of 0.8 'nm s~ '. A shadow mask was used to
define the cathode and to make eight 16 mm? devices on each
substrate. The luminance-current density-voltage (L-J-V)
characteristics and EL spectra were measured simultaneously
with a Keithley 2400 power source and a Photoresearch PR
650 spectrometer. The scanning electron microscopy (SEM)
was performed using a LEO 1550 Scanning Electron
Micrograph on ITO substrate. All UV/Vis/NIR absorption
spectra were recorded using a Perkin Elmer Lambda 950 UV/
Vis/NIR Spectrophotometer System on quartz substrates. The
photoluminescence (PL) decay was measured by a digital
phosphor oscilloscope Tektronix DPO 7254 under excitation
of a pulsed Nd:YAG fourth harmonic (266 nm) laser with
pulse width and repetition rate of 1ns and 60 Hz. All meas-
urements were carried out at room temperature in ambient
atmosphere.

As schemed in Fig. 2(a) inset, the charge generation proc-
esses of tandem Device-B take place at m-MTDATA:F4-
TCNQ\TPBi:Cs,COj interface by electron transfer from the
p-type to n-type layer. From Fig. 2(b), the luminous efficiency
of tandem Device-B is about two times of that of the single
unit Device-A at low current density. If only considering the
highest efficiency, the m-MTDATA:F4-TCNQ\TPBi:Cs,CO;
combination can be used as the CGC. But it is noted that the
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FIG. 1. The schematic of the tandem devices studied.
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luminous efficiency of Device-B drops rapidly as the driving
current density increases, and the driving voltage of tandem
Device-B is much higher than two times of that of the single
unit Device-A. Thus, the m-MTDATA:F4-TCNQ\TPBi:
Cs,CO3 combination is not good enough to play the role of
CGC. The CGC actually works as the counterpart of cathode
for one emissive unit and anode for another, but even in excel-
lent n-type or p-type doped layers, the free charge carrier
concentration (~10' cm ™) are still several orders of magni-
tudes less than ITO (~10*'cm™?) or typical metal electrode
(~10% cm™?).2"* Furthermore, the charge carrier binding
energy for organic materials is higher than those of ITO and
typical metal electrodes. In order to spout enough charges, the
tandem Device-B needs much higher external electric field to
assist charge generation in CGC, leading to high driving
voltage. As current density increases, the m-MTDATA:F4-
TCNQ\TPBI:Cs,CO3; CGC cannot generate enough charges to
balance the opposite charges injected from the both electrodes,
leading to charge imbalance in both recombination zones, and
ultimately resulting in a lower and fast-dropping luminous
efficiency.

Even if the m-MTDATA:F4-TCNQ\TPBi:Cs,CO;
combination cannot work as an effective CGC, both the
m-MTDATA:F4-TCNQ and TPBi:Cs,CO5; are excellent
charge injection layers in contact with electrodes.®'*1°
Considering the practical handling, transmittance, work func-
tion matching, etc., we inserted a 2nm ultrathin silver film
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FIG. 2. (a) The current density-driving voltage curves of device-A, B, C,
and D. The inset is charge generation process of tandem Device-B under
high external electrical field. (b) The luminous efficiency-current density
plots of Device-A, B, C, and D.
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between m-MTDATA:FA-TCNQ and TPBi:Cs,COj layers,
and fabricated the tandem Device-C. As shown in Fig. 2,
comparing to tandem Device-B, the driving voltage of
Device-C decreases dramatically to about two times of that of
the single unit Device-A, and the luminous efficiency roll-off
also improved remarkably in high current density range.

As reported, Ag film mostly works as anode in organic
electronic devices, and in some devices with n-type doped
electron injection layer, it also can serves as excellent
cathode.”** In tandem Device-C, the Ag thin film, contain-
ing a large number of free electrons, should work as anode
and cathode simultaneously for the two emissive units. The
charge is no longer generated at the m-MTDATA:F4-
TCNQ\TPBi:Cs,CO5 interface but the Ag ultrathin film and
buffer layer interfaces (with m-MTDATA:F4-TCNQ and
TPBi:Cs,CO;5 layers). Comparing to the case of tunneling
across the PN junction interface between two organic layers
containing a small amount of charges, the charge generation
through electron transfer process between Ag ultrathin film
and doped organic buffer layers is much easier under exter-
nal electrical field, which is similar to the process of charge
injection from metal electrode into organic layer at the exter-
nal contacts of the device.

We performed absorption measurements on m-MTDATA:
F4-TCNQ (10 wt. %, 30nmN\TPBi:Cs,CO;5 (5 wt. %, 30nm),
m-MTDATA:F4-TCNQ (10wt. %, 30nmMNAg (2nm)\TPBi:
Cs,CO3 (Swt. %, 30nm) films (Fig. 3), and scanning
electron microscopy measurement on m-MTDATA:F4-TCNQ
(10wt. %, 30nm©N\Ag (2 nm) film (left inset of Fig. 3). It can be
seen from Fig. 3 that the Ag ultrathin film leads to a slightly
increased absorbance, which should adversely lower down the
ultimate luminous efficiency of the tandem device. However,
from the luminous efficiency of tandem Device-C, we see that
such negative effect to device overall performance was over-
whelmed by the positive effect of more carriers generated.
According to the EL spectra of Device-B and -C shown in
Fig. 4(b), the microcavity effect in Device-C is negligible.
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FIG. 3. The absorption of m-MTDATA:F4-TCNQ (10 wt. %, 30 nm)\TPBi:
Cs,CO;5 (5 wt. %, 30nm) and m-MTDATA:F4-TCNQ (10 wt. %, 30 nm)\Ag
(2nmN\TPBi:Cs,CO3 (5wt.%, 30nm) films deposited by thermal
co-evaporation onto quartz substrate. The inset on the right is the absorption of
Ag NP film obtained by subtraction of the two curves above. The inset on the
left is the SEM image of m-MTDATA:F4-TCNQ (10 wt. %, 30nm)\Ag (2 nm)
film deposited onto ITO glass substrate. There is a great overlap between
absorption spectrum of Ag NPs and emission spectrum of FIrPic dopant.
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As presented in the inset of Fig. 3, the Ag ultrathin film
deposited on organic film actually exists as nanoparticles
(NPs) with a mean size of about 20 nm, which is similar with
most reported results of Ag ultrathin film deposited by ther-
mal evaporation method.” >’ And such Ag NPs expressed a
weak absorption spectrum centered at about 470 nm, origi-
nating from the localized surface plasmonic resonance
(LSPR) of Ag NPs.?6?® The LSPR is actually a resonant
photon-induced collective oscillation of valence electrons af-
ter photon absorption, which establishes when the frequency
of incident photons matches the natural frequency of surface
electrons oscillation against the restoring force of positive
nuclei.”® When the valance electrons of Ag NPs are agitated,
they are more easier to be lost comparing to bulk form of
Ag.??% 1t is noted that there is a great overlap between the
emission spectrum of FIrPic dopant and the absorption spec-
trum of Ag NPs (right inset of Fig. 3). Thus, Ag NPs can
absorb a portion of photons radiated from the recombination
zone to excite the LSPR of Ag NPs. And as reported, when
the Ag NPs size is less than 30 nm, the surface plasmon can
decay through the formation of energetic charge carriers
which can transfer to neighboring molecules.”® Additionally,
Wu demonstrated that as the size decreases to nanometer
scale, the reduction activity of Ag NPs is strengthened.”
Therefore, as described by Fig. 4(a), under external electrical
field, in CGC with Ag ultrathin layer, the electron supply for
the emissive unit on ITO side becomes better, and the
relaxed positive Ag nuclei can receive another electron (i.e.,
output a hole to) from p-type m-MTDATA:F4-TCNQ layer
as the case of metal anodeMorganic contact.”® Additionally,
as the nanoparticle morphology and long distance away from
the recombination zone, Ag NPs should not cause any
quenching like lithium or cesium.'’

To investigate the contribution of LSPR to the charge
generation in CGC, we fabricated tandem Device-D, with the
ultrathin Ag film replaced by an ultrathin Al film compared to
Device C. Al and Ag have similar work function (Fig. 1). As
shown in Fig. 5, in Ag 2nm)\TcTa (10 nm\TcTa:FIrPic
(7%, 5nm), the phosphorescent lifetime of FIrPic decrease
sharply, which should originate from the LSPR of Ag NPs.?’
Otherwise we did not observe evidently difference in PL
decay curve of Al (2nmN\TcTa (10 nm)\TcTa:FIrPic (7%,
5nm), which means the photon radiated from FIrPic emitter
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FIG. 4. The charge generation process of tandem Device-C under external
electrical field (a). The electroluminescence spectra of all devices at 1 mA/cm?
(b). The spectra of tandem Device-B and Device-C are similar, meaning there
is no microcavity effect caused by Ag NPs layer.
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(7%, 5nm), Al 2nmN\TcTa (10nmN\TcTa:FIrPic (7%, Snm), and Ag
(2nmN\TcTa (10nmN\TcTa:FIrPic (7%, 5nm) deposited onto quartz sub-
strates by thermal evaporation.
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FIG. 6. The current density-driving voltage curves and luminous efficiency-
current density plots of white Device-E. The inset is the luminance plots and
emission spectrum.

can hardly excite LSPR for Al ultrathin film. As seen in
Fig. 2, both driving voltage and luminous efficiency of
Device-D is close to those of Device-C in low driving current
density, but as the driving current density increases, the driv-
ing voltage goes up slightly and the luminous efficiency
drops. As luminance increases, the role of LSPR generated
by Ag NPs in Device-C strengthened, and the CGC generates
more charges with lower driving voltage comparing to
Device-D with merely no LSPR. Furthermore, we fabricated
an efficient tandem white OLED Device-E using the same
CGC as Device-C, which showed reasonable good perform-
ance (Fig. 6).

In conclusion, by inserting an ultrathin Ag NPs layer at
the interface between p-type layer (m-MTDATA:F4-TCNQ)
and n-type layer (TPBi:Cs,CO3), the tandem device perform-
ance was improved dramatically. In the CGC with Ag NPs,
the charge generation process is different from that of

Appl. Phys. Lett. 102, 203303 (2013)

organic PN junction. Additionally, due to the great overlap
between Ag NPs LSPR absorption and FIrPic dopant emis-
sion spectra, the LSPR also contribute to the tandem device
performance.
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