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Interface Modification to Improve Hole-Injection Properties

in Organic Electronic Devices**

By Stelios A. Choulis,* Vi-En Choong, Aditee Patwardhan, Mathew K. Mathai, and Franky So

The performance of organic electronic devices is often limited by injection. In this paper, improvement of hole injection in
organic electronic devices by conditioning of the interface between the hole-conducting layer (buffer layer) and the active
organic semiconductor layer is demonstrated. The conditioning is performed by spin-coating poly(9,9-dioctyl-fluorene-co-N-
(4-butylphenyl)-diphenylamine) (TFB) on top of the poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT:PSS)
buffer layer, followed by an organic solvent wash, which results in a TFB residue on the surface of the PEDOT:PSS. Changes in
the hole-injection energy barriers, bulk charge-transport properties, and current-voltage characteristics observed in a represen-
tative PFO-based (PFO: poly(9,9-dioctylfluorene)) diode suggest that conditioning of PEDOT:PSS surface with TFB creates a
stepped electronic profile that dramatically improves the hole-injection properties of organic electronic devices.

1. Introduction

Organic semiconductors are of increasing interest as new
materials for electronic devices, owing to their easy processing
and potential for low-cost fabrication. Organic light-emitting
diodes (OLEDs),'? field-effect transistors (FETs),®! photo-
diodes, and solar cells!*! are the electronic applications under
the most intense study. One of the fundamental requirements
for efficient operation of all-organic electronic devices is the
process of carrier injection/extraction from the electrodes into
the active region. Poor injection can limit the performance of
devices such as OLEDsP! and FETs.!*”) Poor carrier-extraction
properties also limit the organic solar cell’s power-conversion
efficiency.®!

The energy barrier for carrier injection/extraction is deter-
mined by the energy difference between the metal work func-
tion and the ionization potential/electron affinity of the organic
material. Therefore, to optimize the injection properties, elec-
trode materials with work functions that match the electron
affinity and ionization potentials of the organic layer are
needed.”! Several groups have reported results based on meth-
ods that modify the electrodes and improve injection proper-
ties."16]
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Indium tin oxide (ITO) has been the preferred anode for all
organic optoelectronic devices, owing to its optical transpar-
ency. However, the work function of ITO is quite low (even
after processing methods including special ITO treatments
such as plasma or oxygen treatment). One method of increas-
ing the work function of ITO is to include additional engineer-
ing at the ITO/organic interface using high-work-function met-
al oxides or self-assembled monolayers between the ITO and
organic material to increase the hole-injection efficiencies.'*"*!
The most common way to improve hole injection/extraction is
to incorporate a hole-transporting layer (buffer layer) such
as poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT: PSS) on top of the ITO surface.'*'*! One of the main
features of the buffer layer is that it increases the hole injection
from the ITO to the organic layer by increasing the work func-
tion of the anode.'® Electron injection is also difficult when
using Al as a cathode, and hence low-work-function metals
such as Mg and Ca and their alloys or alloys such as LiF/Al and
CsF/Al have been used to improve electron-injection proper-
ties.[17-18] Recently, modification of the cathode interface by
incorporation of Ca(acac) (acac=acetyl acetonate) has been
shown to improve the device performance of green fluorescent
OLEDs.!")

Incorporation of polymer-based interlayers with thicknesses
of 10-30 nm on top of the PEDOT:PSS layer has been pre-
viously reported to improve OLED device performance. In
particular, Morgado et al. incorporated a 35 nm layer of
poly(p-phenylene vinylene) between PEDOT:PSS and the
light-emitting polymer (LEP) layer.””! Such interlayers can act
as an electron-confinement layer for polymer-based LEDs
using a blend of poly(9,9-dioctylfluorene) (PFO) and poly(9,9’-
dioctylfluorene-alt-benzothiadiazole) as the light-emitting
layer.™® More recently, incorporation of a poly(9,9-dioctyl-
fluorene-co-N-(4-butylphenyl)-diphenylamine) (TFB) inter-
layer (10 nm) on top of PEDOT:PSS was shown to improve
the efficiency and lifetime of polymer-based LEDs.”!! The im-
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proved performance was explained on the basis of the inter-
layer acting as an exciton-blocking layer, thus preventing lumi-
nescence quenching.

Herein, we demonstrate an improvement in the hole-injec-
tion properties of organic electronic devices by modifying the
interface between the buffer layer and the organic semiconduc-
tor (a component of the active region of the electronic device).
The modification was performed by first spin-coating a thin
film of TFB on top of the PEDOT:PSS buffer layer, followed
by washing with neat toluene. The organic-solvent wash leaves
only a residue of TFB on the PEDOT:PSS, which we term an
“interfacial conditioning effect” to differentiate it from the
“interlayer” terminology that has been previously reported in
the literature.

2. Results and Discussion

TFB was used to modify the interface between the
PEDOT:PSS buffer layer and the electroluminescent conjugat-
ed polymer PFO. PFO was chosen as the active component of
the diode under study owing to the large barrier for hole injec-
tion from PEDOT:PSS to PFO. The ionization potential of
PFO is 5.8 ¢V, a value which is much higher than the work
function of PEDOT:PSS (5.1 eV).['¥] This barrier of 0.7 ¢V lim-
its the hole-injection properties of the diode. TFB is particular-
ly suitable for use in buffer-layer interface conditioning, since
its highest occupied molecular orbital (HOMO) level is around
5.3 eV.I?’ This point is discussed in more detail later in the text.
The diode architectures studied are as follows. The control
diode is based on ITO/PEDOT:PSS/PFO/Cathode. To investi-
gate the effect of conditioning the PEDOT:PSS on the hole-in-
jection properties of the diode, TFB was spin-coated on top of
the PEDOT:PSS buffer layer, followed by an organic solvent
wash that results in a TFB residue on the surface of
PEDOT:PSS. Al and LiF-Ca-Al were used as the cathodes for
hole-only and dual-carrier diodes, respectively. The chemical
structure of TFB as well as the device structure with the TFB
residue are schematically represented in Figure 1.

Figure 2 shows typical current density—voltage (J-V) curves
obtained from the hole-only PFO diodes, prepared with and
without the TFB interface conditioning, in linear (Fig. 2b) and
log-log (Fig. 2a) plots. Al cathodes were used in the case of
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Figure 2. Current density—voltage characteristics of the hole-only diodes
under study. The data are plotted in both a) double-log and b) double-line-
ar representations. [J: control device, ®: devices incorporating a TFB
interfacial layer between PEDOT:PPS and PFO.

hole-only devices, since no electron injection is expected from
Al to PFO owing to the difference between the work function
of Al (ca. 4.3 eV) and the lowest unoccupied molecular orbital
(LUMO) of PFO (ca. 1.9 eV).?*! This is an important consid-
eration as Brewer et al.*”) have reported that, in certain cases,
hole injection can be enhanced by electron injection. Efficient
electron injection can populate trap states close to the
PEDOT:PSS/LEP interface causing the potential to drop pref-
erentially at the anode and thus increasing the rate of hole
injection.” This mechanism does not apply to the hole-only

Anode
Interface
Conditioning| LEP '''''''''
""" Buffer Layer
Glass /ITO

Figure 1. Chemical structure of TFB and a schematic of the device structure with TFB conditioning of PEDOT:PSS.
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devices presented here, as no light emission was observed even
at 10 V bias. The J-V data in Figure 2 show an increase in hole
current very clearly. Although J-V data typically cannot be
used to distinguish changes due to injection from those due to
bulk-transport properties, we believe that the large increase in
hole current is due to improved injection properties when we
consider the way the interface conditioning is applied (see
Experimental).

Transient electroluminescence (EL) measurements were
performed on dual-carrier devices with a 75 nm thick PFO film
to confirm this conclusion. Under the influence of a rectangu-
lar voltage pulse applied to the diode, holes and electrons are
injected from the opposite electrodes and travel through the
PFO layer until they meet and radiatively recombine. A time
delay between the onset of the applied voltage pulse and the
initialization of the EL signal is related to the transit times of
the charge carriers. The transit time ¢, is related to the compos-
ite electron and hole mobilities 4 via Equation 1

u=d/(Ety) 1)

where E is the applied electric field and d is the thickness of
the PFO film.

A typical room temperature (RT) EL transient recorded at
E=48x10° Vem™ is shown in Figure 3a. The ¢, estimated
from the time delay between the onset of the applied voltage
and the appearance of the EL signal is indicated by a dotted
line. Figure 3b shows the field dependence of the apparent RT
mobility deduced from a sequence of EL transient experiments
performed under different bias fields. The mobility data are
plotted as a function of the square root of the bias field (cor-
rected for the built-in voltage), in accordance with the expecta-
tions of the Poole—Frenkel model.”*?’! The apparent mobilities
measured with the EL transient method show a strong field
dependence. Previous reported measurements of the hole
mobility of PFO films measured by time-of-flight (ToF) photo-
current measurements ) showed a very weak field depen-
dence and non-dispersive hole-photocurrent transients. In con-
trast, electron mobility has not been measured in PFO by ToF
measurements.*"! The relatively thick films required for ToF
measurements and the strong trapping of electron-charge car-
riers limits the ability of detecting clear electron transients for
thick PFO films.

Since the time delay between the onset of the applied volt-
age pulse and the initialization of the EL signal is related to
the #, of both hole and electron charge carriers, transient EL
measurements show the sum of the apparent mobilities (it is
not possible to separate electron and hole transport with this
technique). At the same time, it is evident that #,, is mainly de-
termined from the fastest carriers. Recent experimental results
in the literature indicate that ambipolar transport is an intrinsic
property of organic semiconductors.?**'%2l However, the mea-
sured hole mobilities were always higher than the electron
mobilities.***'*?! Thus the EL transient data presented here is
influenced by both carriers, and we believe that the fastest car-
riers for the PFO under study are holes. The strong field depen-
dence in our mobility measurements indicates a strong ener-
getic disorder, which can be attributed to trapping and the

[26.27]

Adv. Funct. Mater. 2006, 16, 10751080

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a)

0.14 - t4,=0.25 msec 1
012} f .

EL(t) (a.u)

ITO/PEDOT:PSS/PFO/CsF/AI |
EL(t) at RT

0.02 - 5 4
E=4.8 x 10° (V/cm)
0.00 |-
0.02 ! : ! ! !
0.5 0.0 0.5 1.0 1.5 2.0
Time(usec)
b)
1E-4 T T T T T T T T
N
s ®°

O«
0

O without TFB
1E-5F O ® with TFB ]

Apparent mobility (cm2/Vsec)

1E-6 1 1 1 1 1 1 1 1
300 350 400 450 500 550 600 650 700

EV2(v/cm) 12

Figure 3. a) Typical EL transient for the PFO diode. The t,, estimated from
the time delay between the onset of the applied voltage and the appear-
ance of the EL signal is indicated by a dotted line. b) Field dependence of
the mobilities in the dual-carrier diodes under study. The data are plotted
as a function of the square root of the external electric field (after account-
ing for the built-in potential).

purity of the PFO material used in this study. Direct compari-
son between the data presented here and previously reported
results®” cannot be given, owing to differences in the material
providers, experimental techniques, and the different thick-
nesses of the films studied.

The EL transient measurements prove that the bulk PFO
transport properties were not affected by the TFB interface
conditioning, ruling out doping effects due to TFB or the prep-
aration conditions as causes of the observed increase in current
density. The strong increase in current density observed for the
hole-only devices could be related to an improved hole injec-
tion achieved by the TFB residue modifying the interface
between the PEDOT:PSS and LEP.

Photocurrent-voltage measurements of the diodes under
study were used to further investigate the improvement in hole
injection by TFB interface modification. The measurements
were performed using a saturated photoconductivity method
described in more detail elsewhere.*>*! Photocurrent mea-
surements can be used to measure the built-in potential (V)
and thus the changes in the hole-injection energy barriers. Fig-
ure 4a shows the measured photocurrent as a function of diode
bias for the dual-carrier PFO diodes, prepared with and with-
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Figure 4. Photoconductivity measurements of the dual carrier diodes un-
der study. a) Dual-carrier diodes. b) Hole-only diodes. []: control devices,
@ devices where TFB was used for conditioning the interface between the
PEDOT:PSS and PFO.

out TFB interface conditioning. The Vy; for the dual-carrier
control devices without interface conditioning is about 2.2 V.
Vi increases to 2.5 V for the dual-carrier devices where inter-
face conditioning was applied. In contrast to the photocurrent—
voltage measurements of the dual-carrier diodes where the Vi,
appeared to be affected by the TFB interface conditioning, the
photocurrent-voltage measurements on hole-only diodes did
not show any change in the Vy; (Fig. 4b). Even though the
reduction in the hole-injection barrier for the dual-carrier
diodes by TFB interface modification can signal an altering of
the electronic properties of the PEDOT:PSS by TFB, it is
unlikely in view of the photocurrent-voltage measurements
data based on hole-only devices. Reduction in the hole-injec-
tion barrier has been achieved previously by increasing the
doping level of the buffer layers.**l However, since the TFB
used here is undoped, TFB interface conditioning altering the
electronic properties of PEDOT:PSS is very unlikely. The
underlying mechanism of the observed changes in the V3, for
the dual-carrier diodes by conditioning the PEDOT:PSS with
TFB remains unclear. The changes in the dual-carrier device
data could be related to electrical-conditioning effects,* or
convoluted carrier-injection dependencies where hole injection
can be enhanced by electron injection.™ Accordingly, the
increase in hole current observed for the hole-only devices
(Fig. 2) can be attributed to TFB interface modification alter-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ing the surface of the buffer layer, creating a double-step injec-
tion profile, and thus reducing the hole-injection barrier be-
tween the buffer layer and the organic semiconductor.

Our experimental results clearly show that the effect of
improved hole-injection properties arises from altering the sur-
face of the buffer layer by conditioning the PEDOT:PSS layer
with the TFB/toluene solution. Therefore, the experimental
conditions for the effect of interface conditioning can alterna-
tively be described as a method to treat the surface of buffer
layers. The main question that arises for the effect of interface
modification is to clarify if the improvement in hole injection is
related to the exposure of PEDOT:PSS to TFB or to the organ-
ic solvent used in the preparation conditions, such as the tolu-
ene used in this particular case. The exposure of PEDOT:PSS
to toluene is not believed to affect the electronic properties of
PEDOT:PSS, as additional measurements using neat toluene
and interface conditioning using PFO did not show any
increase in the hole current or improvement on device perfor-
mance.*® Thus, the TFB is responsible for the observed modi-
fication of PEDOT:PSS. Further, photoconductivity measure-
ments on hole-only devices with and without TFB interface
modification (Fig. 4b) show no difference in V4, which indi-
cates no altering of the electronic properties of PEDOT:PSS.
Hence, the most likely conclusion is that a TFB residue is left
on the surface of PEDOT:PSS. The important parameter is the
HOMO level of the organic material used for conditioning the
PEDOT:PSS. To improve hole injection, the HOMO level of
the material used for the conditioning should lie between the
HOMO level of the PFO and the work function of the anode.

Molecular-scale engineering of buffer layers has already
been reported as a method of fractionating the barrier for hole
injection.[37] Conditioning PEDOT:PSS with TFB can be used
as a simple method to form a stepped injection profile in the
anode interface, and to provide a double-injection step which
strongly improves the hole injection into the active organic
semiconductor. Figure 5 schematically illustrates the double-
step injection. As mentioned previously, TFB interface modifi-
cation with the conditions applied in this paper is different
from the “TFB interlayer” seen in previous work.2!l' The

-2.1

LUMO

Buffer Layer

5.3

——)

TFB
-5.8

PFO

HOMO

Figure 5. The HOMO and LUMO energy levels of TFB and PFO compared
to the work function of PEDOT:PSS buffer layer (all referenced with
respect to vacuum). The arrows indicate the stepped electronic profile cre-
ated by conditioning the PEDOT:PSS with TFB. This provides a double-
step injection from the PEDOT:PSS/TFB modified anode into the PFO ac-
tive layer of the diode.
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important parameter for improving the hole injection by condi-
tioning the PEDOT:PSS is the HOMO energy level, and not
the hole transporting or exciton blocking properties of the ma-
terial used. The method of interface conditioning described
here can also provide a smoother and more uniform interface
between the anode and the active organic semiconductor layer,
leading to improved morphology and hole injection.

We note that the J-V characteristics shown in Figure 2 for
the hole-only diodes even after the TFB interface conditioning
do not exhibit a voltage-squared dependence, indicative of
Ohmic hole injection. However a voltage-squared dependence
is only expected in the case of trap-free space-charge-limited
current (SCLC). The strong field dependence of the mobility
measurements presented in Figure 3b clearly indicates trap-
ping effects for the PFO diode under study, since only the trap-
free SCLC has a square-type increase in current density as a
function of voltage. The J-V data presented here cannot be
used to determine whether the injection after the TFB inter-
face modification is Ohmic or non-Ohmic.

The improvement in hole injection by interface modification
between the buffer layer and the active organic layer is impor-
tant for a range of molecular-electronic-device applications,
and can be used to improve the device performance in the case
of electron-dominant fluorescence-based OLEDs. Conversely,
it may harm the performance of hole-dominant OLEDs by
further skewing the charge balance in the device. Since the
PFO-based OLEDs studied are hole dominant, no improve-
ment in the device performance of the dual-carrier PFO-based
diodes was observed. We have previously reported an improve-
ment in the device performance of electrophoshorescence
OLEDs by using a TFB interface modification to assist direct
hole injection to the phosphorescence emitters.”® The im-
provement is due to enhanced hole injection, leading to better
charge balance, and may also shift the recombination zone
away from the PEDOT:PSS.”® Improving injection properties
is also an essential requirement for the construction of electri-
cally pumped laser diodes, and offers potential for high-perfor-
mance FETs, both of which are areas of major interest for tech-
nological applications. Furthermore, poor carrier extraction
limits the performance of organic solar cells.*¥! In particular,
interface conditioning can be used to improve the hole extrac-
tion efficiencies in organic-based solar cells. This will overcome
the limitations in the field factor and short circuit current and
thus greatly improve the solar cell device performance.

3. Conclusions

Improvement of hole injection in organic electronic diodes
by modification of the interface between the buffer layer and
the active organic semiconductor layer was demonstrated.
Since the TFB used for the interface conditioning is undoped,
we rule out the possibility of TFB interface conditioning alter-
ing the electronic properties of the underlying buffer layer. We
propose that the improvement is due to TFB residue altering
the surface of the buffer layer, creating a double-step injection
profile, thus resulting in a lowered hole-injection barrier

Adv. Funct. Mater. 2006, 16, 10751080
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between the buffer layer and the organic semiconductor. Hole
injection from PEDOT:PSS into PFO is drastically improved
by TFB interface conditioning of PEDOT:PSS. We believe that
this approach can be used as a general method to improve
hole-injection properties in a range of organic electronic appli-
cations.

4. Experimental

PFO and TFB were purchased from American Dye Sources. PE-
DOT:PSS used for the buffer layer was purchased from H. C. Starck.

The active organic semiconductor of the diodes under study is a
PFO film sandwiched between two injecting electrodes. The anode
consists of ITO/glass substrates precoated with a PEDOT:PSS buffer
layer. Prior to spin-coating with the PEDOT:PSS buffer layer, ITO was
precleaned and UV-ozone treated. After the UV-ozone treatment, a
60 nm PEDOT:PSS layer was spin-coated onto ITO. The PEDOT:PSS
layer was baked in a nitrogen environment at 200 °C for 30 min. Pris-
tine PFO solutions were spin-coated on top of the PEDOT:PSS layer
inside a glove box with experimental conditions that yield light-emit-
ting layers with thicknesses of around 75 nm and 150 nm for the dual
and hole-only carrier diodes, respectively. The PFO layer was then an-
nealed at 130 °C for 30 min. Following the spin-coating step, the sam-
ples were transferred into the thermal evaporator in a nitrogen
atmosphere. Diodes were then completed by thermal evaporation of
shadow-masked aluminum (200 nm) and LiF (2 nm)/ Ca (6 nm)/ Al
(200 nm) top contact for hole-only and dual-carrier diodes, respective-
ly, at a typical pressure of 10" mbar (1 bar =10’ Pa). Following evapo-
ration, the devices were encapsulated with a glass lid and getter. We
note that the preparation conditions for the dual-carrier diodes with
the conditions described above were not optimized for efficient fluores-
cence emission. Full details in relation to our experimental setup for
the diode characterization by J-V, transient EL, and photoconductivity
measurements have been published elsewhere [39].

In the present study, TFB was used for conditioning the interface be-
tween the PEDOT:PSS and PFO layer (active region of the diode).
TFB was spin-coated inside the glovebox onto a PEDOT:PSS buffer
layer from toluene solution and baked at 130 °C for 10 min in a nitro-
gen environment. Under these conditions, an interlayer thickness of
around 10 nm was obtained. To achieve the interface conditioning and
prevent mixing of the TFB layer with the active organic layer, we intro-
duced a washing step using toluene on the TFB layer. The term inter-
face modification is used to describe the buffer-layer modification by
the exposure of PEDOT:PSS to TFB. Owing to the method followed
for interface conditioning, accurate determination of the actual TFB
residue on the surface of PEDOT:PSS was not possible using the con-
ventional method of profilometry.
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