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ABSTRACT: The electrical doping nature of a strong electron acceptor, 1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HATCN), is investigated by doping it in a typical
hole-transport material, N,N’-bis(naphthalen-1-yl)-N,N’-diphenylbenzidine (NPB). A
better device performance of organic light-emitting diodes (OLEDs) was achieved by
doping NPB with HATCN. The improved performance could, in principle, arise from a
p-type doping effect in the codeposited thin films. However, physical characteristics
evaluations including UV—vis absorption, Fourier transform infrared absorption, and X-
ray photoelectron spectroscopy demonstrated that there was no obvious evidence of
charge transfer in the NPB:HATCN composite. The performance improvement in
NPB:HATCN-based OLEDs is mainly attributed to an interfacial modification effect
owing to the diffusion of HATCN small molecules. The interfacial diffusion effect of the
HATCN molecules was verified by the in situ ultraviolet photoelectron spectroscopy
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evaluations.
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1. INTRODUCTION

Improving the device performance of organic light-emitting
diodes (OLEDs) has drawn much attention recently because of
their remarkable application in flat-panel display and solid-state
Iighting.l’2 Lowering the driving voltage is one of most
important issues from the viewpoint of low consumption.
Because of the low intrinsic carrier concentration of organic
semiconductors, optimization of carrier injection from the
electrodes to the emitting organic semiconductors is desired
with the goal of fabricating low-voltage and highly efficient
organic electronic devices.” ¢ Especially for hole injection,
there exist large energy barriers between the organic materials
and the electrodes because of the large offset of energy levels
between the work function of commonly used indium—tin
oxide (ITO) and the highest occupied molecular orbital
(HOMO) of hole-transporting layers (HTLs).”® Many efforts,
such as inserting pristine interlayers and/or electron-acceptor-
doped (p-type doping) interlayers, have been carried out to
tune the hole injection at the ITO/organic interfaces.””"> In
particular, some electron-accepting materials, i.e., molybdenum
trioxide (MoO;)"*™"7 and tetrafluorotetracyanoquinodime-
thane (F,-TCNQ),"®*™' have been reported as excellent p-
type dopants by modifying the energy levels of the anode and
the wide-band-gap HTLs. In an acceptable view, the modified
energy interface and enhanced carrier injection are attributed to
the doping effect in doped organic host materials through
electrons transfer from organic molecules to the dopants.
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Similar to MoO; and F,-TCNQ, 1,4,5,8,9,11-hexaazatripheny-
lene hexacarbonitrile (HATCN) was assumed to be a p-type
dopant for hole-transport materials because it has six
car’t;gnzigrile units with strong electron-withdrawing charac-
ter.

In general, p-type doping is achieved by doping strong
electron acceptors to an organic host material, with the electron
affinity of the dopant molecule in the ionization energy range of
the host, that is, charge transfer from the HOMO of the host to
the lowest unoccupied molecular orbital (LUMO) of the p-type
dopant. Once p-type doping occurs, improved hole injection
and lowered driving voltage can be achieved in practical
OLED:s. In recent experiments, we found that enhanced hole
injection does not simply originate from the effect of p-type
doping for all host:dopant systems. An interface doping effect,
in which some strong electron acceptors can diffuse out of the
doped system by thermal motivation during deposition or field
motivation during device operation with a modification effect
on the acceptor/metal interfaces, also occurs in some mixed
host:dopant systems. In this work, we investigate the injection
properties as well as the “doping” behavior of HATCN in a
typical hole-injection and -transport material, N,N’-bis-
(naphthalen-1-yl)-N,N’-diphenylbenzidine (NPB).>°*~** The
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experimental results demonstrate that a HATCN-doped NPB
interfacial layer showed limited improvement of hole-injection
ability in OLEDs. Prior to the occurrence of charge transfer, the
enhanced hole injection is mainly attributed to anode
modification by HATCN since interdiffusion of HATCN
small molecules through the NPB interlayer toward the anode.
The measurements of UV—vis absorption spectra, Fourier
transform infrared (FTIR) absorption, and X-ray photoelectron
spectroscopy (XPS) reveal that there is not efficient charge
transfer from the HOMO of NPB to the LUMO of HATCN to
form a p-type doping effect. From the in situ ultraviolet
photoelectron spectroscopy (UPS) evaluations, it was verified
that the HATCN molecules may diffuse through the NPB layer
toward the ITO surface (interfacial diffusion effect) and
precisely adjust the energy levels at ITO (interface modification
effect), which reduces the hole-injection barrier (HIB) for NPB.

2. EXPERIMENTAL SECTION

2.1. Device Fabrication and Characterization. Materials of
MoO;, HATCN, NPB, tris(8-hydroxyquinoline)aluminum (Alg,), 4-
(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-
enyl)-4H-pyran (DCJTB), 4,4',4"-tri-N-carbazolyltriphenylamine
(TCTA), 4,4'-bis(carbazol-9-yl)biphenyl (CBP), 2,2”-(1,3,5-
benzinetriyl)tris(1-phenyl-1H-benzimidazole) (TPBi), bis(2-
phenylpyridine) (acetylacetonate)iridium(III) [Ir(ppy),(acac)], and
8-hydroxyquinolinolatolithium (Liq) were purchased from Lumtec
Company and used as received. OLED devices were prepared on ITO
(110 nm and 15 Q/[]) glass substrates. The substrates were first
cleaned with a detergent solution and solvents and then exposed to
UV ozone for 15 min before deposition of the materials. The active
area of each device is 0.09 cm® All of the layers were thermally
deposited in a high-vacuum deposition system with a base pressure of
~107° Torr. Deposition rates and thicknesses of all materials were
monitored with oscillating quartz crystals. Codeposition from
individual sources with different monitors was used for the doping
material system. The deposition rate of NPB was controlled at 0.2 nm/
s, and the deposition rate of the guest was adjusted according to the
volume ratio doped in the host materials. All devices were
encapsulated by cover glasses before the performance test. The
electroluminescence and current density—voltage (J—V) characteristics
were measured by a constant-current source (Keithley 2400
sourcemeter) combined with a photometer (Photo Research
SpectraScan PR 655).

2.2. Physical Characterization of Organic Films. The
absorption spectra of NPB, NPB:HATCN (S vol. %), and NPB:MoO,
(20 vol. %) films were measured with a UV—vis spectrophotometer
(PerkinElmer Lambda 750). The transmission IR spectrum was
recorded from a FTIR microscope (Bruker VERTX 70). UPS and XPS
measurements were carried out in a Kratos AXIS Ultra-DLD ultrahigh-
vacuum (UHV) surface analysis system. XPS measurements using a
monochromatic Al Ka source (1486.6 €V) were conducted to study
the charge-transfer conditions with a resolution of 0.4 eV. UPS analysis
was performed to characterize the valence states and vacuum level
(VL) with an unfiltered He I (21.2 eV) lamp and a total instrumental
energy resolution of 100 meV. For UPS measurements, organic thin
films were in situ thermally deposited onto UV-ozone-treated ITO
substrates in the interconnected deposition chamber. Samples were
transferred to the analysis chamber without breaking the vacuum. The
Au 4f,,, peak position and the Fermi level (Eg) edge of a gold film
were used to calibrate the binding energy (BE) scale, and all the UPS
and XPS spectra are referred to Ey as zero BE.

2.3. In Situ Interface Evaluation by UPS. Interface studies were
carried out in situ in a Kratos AXIS Ultra-DLD UHYV surface analysis
system, consisting of a fast load lock (base pressure <1 X 107® Torr),
an evaporation chamber (<5 X 107'° Torr), a multiport carousel
chamber (<3 X 107'° Torr), and an analysis chamber (<3 x 107
Torr). Gold films of 600 A were deposited on precleaned ITO
substrates. Organic materials were then in situ thermally deposited
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onto the gold substrates at room temperature with a growth rate of 1
A/min at a pressure of 2 X 107 Torr. After each deposition step,
samples were transferred to the analysis chamber without breaking the
vacuum. UPS measurements were performed to characterize the
valence states and VL by using the He I excitation line (21.2 eV) from
a helium discharge lamp with a total instrumental energy resolution of
0.1 eV, and samples were negatively biased to enable the observation
of secondary electron cutoffs. All of the spectra were obtained at room
temperature.

3. RESULTS AND DISCUSSION

3.1. Influence of HATCN Doping on the Device
Performance. It has been confirmed that MoOj; can form a
p-type doping effect with many organic materials by accepting
charges from organic host molecules.'*~"” The interface doping
effect of HATCN really occurs when pristine HATCN is
utilized as an interlayer between ITO and NPB HTL.”**’ After
the HTL was doped by HATCN, a lowered driving voltage and
improved power efficiency can be achieved, as shown in Figure
S1 in the Supporting Information (SI), agreeing with the
previous reports.”>*® However, there are few reports on the p-
type doping effect of HATCN and the direct evidence of charge
transfer in HATCN-doped hole-transport materials. To find the
origin behind this, we first investigate the influence of HATCN
doping on the OLED performance by using pristine HATCN
and HATCN-doped NPB as a hole-injection layer (HIL). The
current density—voltage (J—V) and power efficiency—current
density (7—J) characteristics of ITO/HIL (45 nm)/NPB (30
nm)/Alq;::DCJTB 1 vol. % (20 nm)/Alg; (10 nm)/Alq;:Li 1
vol. % (30 nm)/Al (100 nm) with pristine HATCN and
HATCN-doped NPB as the HILs are shown in parts a and b of
Figure 1, respectively. As shown in Figure S2 in the SI, OLEDs
with pristine MoO3; and MoO;-doped NPB as the HILs are also
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Figure 1. (a) J-V and (b) #—J characteristics of devices with pristine
HATCN or HATCN-doped NPB as the HILs.
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shown for comparison. The doping ratios of HATCN and
MoO; in NPB are optimized based on the device performance.
As reported in the literature,"*"> lowered driving voltage and
improved power efliciency were observed in NPB:MoOj;-based
OLEDs compared to those using pristine MoO; as an HIL.
However, the device with a HATCN-doped NPB HIL showed
an increased driving voltage and a decreased power efficiency
compared to those using pristine HATCN as the HIL.

HATCN has strong electron-withdrawing capabilities with its
six carbonitrile units. HATCN has also been reported as the
electron acceptor when it was doped into some hole-
transporting materials.”***** However, nearly no obvious
improvement in the OLED performance was observed when
using HATCN-doped NPB as an HIL in OLEDs. What is
more, few reports mentioned direct evidence of the formation
of charge transfer in HATCN-doped hole-transport materials.
Therefore, we suspect the occurrence of charge transfer in
NPB:HATCN composite films. A clear image of the “doping”
effect in a NPB:HATCN host:dopant system needs to be
clarified.

3.2. Physical Characteristics in HATCN-doped NPB
Composite Films. For the p-type doping effect, charge
transfer takes place in two models. One is for integer charge
transfer from the HOMO of the host to the LUMO of the p
dopant. This mutual ionization is then argued to result in a
localized charge on the dopant and a mobile hole in the host.
Another is that molecular orbital hybridization forms between
the HOMO of the host and the LUMO of the dopant, leading
to the formation of a charge-transfer complex."*”"” UV—vis and
FTIR absorption and XPS are very useful techniques for
confirming charge transfer in a host:dopant system by getting
the structural information at the molecular levels.

Figure 2 shows the UV—vis absorption spectra of the NPB
and NPB:HATCN (5 vol. %) films both with a thickness of 45
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Figure 2. UV—vis absorption spectra of the NPB, NPB:HATCN (§
vol. %), and NPB:MoOj; (20 vol. %) films with the same thickness of
4S5 nm on quartz substrates.

nm on quartz substrates. The measurement of NPB:MoOj; (20
vol. %) films is also shown for comparison. Different from F,-
TCNQ-> and Mo(dft);*’-doped systems, no additional
absorption peaks are observed in the HATCN-doped NPB
film. This suggests that charge transfer is suppressed in
HATCN-doped NPB films. Comparably, MoO;-doped NPB
films demonstrate additional absorption peaks at around 494

and 1380 nm as a result of the formation of CTC, which agrees
well with past reports.38’30

Figure 3 shows the FTIR spectra of the NPB, NPB:HATCN
(5 vol. %), NPB:MoOj; (5 vol. %), and NPB:MoO; (20 vol. %)
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Figure 3. FTIR spectra of the NPB, NPB:HATCN (S vol. %),
NPB:MoO; (5 vol. %), and NPB:MoO; (20 vol. %) films. Inset:
chemical structure and calculated HOMO level distribution of NPB.
The band marked a around 1592 and 1573 cm™ is assigned to a CC
stretching vibration involving the terminal phenyl groups (tert-phenyl)
and a naphthyl CC stretching mode. The b band at 1491 cm™
corresponds to a CC/CN stretching and CH bending vibration that is
associated with both the terminal and bridging phenyl groups. The ¢
vibration at 1392 cm™! involves CC/CN stretching + CH bending of
the naphthyl moieties of NPB. The d band at 1293 cm™ is attributed
to a CH/CCN bending + CN stretching vibration involving the
terminal and bridging phenyl groups. The e band with a frequency of
769 cm™' is assigned to the out-of-plane CH wag of the naphthyl
groups of NPB.

films. The inset is the calculated HOMO level distribution of
NPB. The electrons in the HOMO are mostly located on the
nitrogen atom, the terminal and bridging phenyl groups, and
part of the naphthyl moieties according to the calculated
HOMO distribution. If the electrons in the HOMO of the NPB
can transfer to the acceptor molecules, a change of the
electronic distribution and vibrational structure will take place,
the peaks of which on behalf of the electronic distribution and
vibrational structure will become weaker or even lost. This
indicates that charge transfer really exists. Transmission modes
of the FTIR spectra in the NPB:HATCN (S vol. %) composite
film are found to be almost the same as those in the pristine
NPB film, indicating that there is no chrage-transfer complex in
the HATCN (S vol. %)-doped NPB composite films. However,
in the cases of NPB:MoOj; (5 vol. %) and NPB:MoOj (20 vol.
%), the peaks around 1592, 1573, 1491, 1392, 1293, and 769
ecm™, which correspond to the electronic properties of the
phenyl and naphthyl groups, become weaker or almost
disappeared compared to the pristine NPB film. As shown in
the inset of Figure 3, the HOMO electrons of NPB mainly
locate on the phenyl and naphthyl groups. This suggests that
charge transfer from the HOMO of NPB to the conduction
band of MoO;existed, which results in a change of the
electronic distribution and vibrational structure in the phenyl
and naphthyl groups of NPB:MoO; composite films.*
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Figure 4. XPS core-level spectra of (a) C 1s and (b) N 1s of NPB, HATCN, and NPB:HATCN (S vol. %) films, (c) Mo 3d of MoO; and
NPB:MoO; (20 vol. %) films, and (d) N 1s of NPB and NPB:MoO; (20 vol. %) films.

Figure 4 shows the XPS core-level spectra of (a) C 1s and
(b) N 1s of NPB, HATCN, and NPB:HATCN (5 vol. %) films,
(c) Mo 3d of MoO; and NPB:MoOj; (20 vol. %) films, and (d)
N 1s of NPB and NPB:MoO; (20 vol. %) films. No obvious
peak shifts or new peaks for C 1s and N 1s were observed in
the NPB:HATCN composite films. The C 1s and N 1s spectra
of the composite films are just the stacking spectra of the
pristine NPB film and the HATCN film. In the case of
NPB:MoO; (20 vol. %) as shown in Figure 4c,d, the Mo 3d
peaks shift to lower BE compared to the pristine MoO; film
and the N 1s peak is broadened compared to the pristine NPB
film, which suggests that there was partial charge transfer
between NPB and MoO; molecules.'*® This means that
charge transfer really occurred in MoO;-doped NPB films but
not in NPB:HATCN composite films. The UV absorption
spectra and XPS results also correspond with the energy levels.
The HOMO of NPB is around 5.5 eV,>°73*!' while the
conduction band of MoQ; is around 6 eV, ** which is below
the HOMO of NPB. Therefore, electron transfer from the
HOMO of NPB to the conduction band of MoO; is expected,
which could explain the UV and XPS results in the case of
NPB:MoO; films. However, the LUMO of HATCN is S.1
eV,* located higher than the HOMO of NPB, and no charge
transfer is expected. The J—V curves of hole-dominated devices
in Figure S4 in the SI also indicate no doping effect by charge
transfer in the NPB:HATCN film.

3.3. Interdiffusion of HATCN from a Doped NPB
Interlayer. The device performance and physical evaluation
suggest that there was no efficient charge transfer between the
NPB host and HATCN dopant. This deduces that the slightly
improved performance in NPB:HATCN-based OLEDs was
attributed to an interfacial modification of ITO by the
interdifftused HATCN molecules from the doped NPB layer.
To confirm this assumption, the hole-injection characteristics of
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different HIL-based devices are investigated. Considering that
the total amount of HATCN used inside the NPB:HATCN 5
vol. % (45 nm) film will be about 2.25 nm if we deposit the
HATCN film only, the device with HATCN (2.25 nm)/NPB
(42.75 nm) interlayers was fabricated for comparison. Their J—
V' characteristics in double-logarithmic plots are shown in
Figure S. The J—V characteristics in three devices demonstrate
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Figure 5. J—V characteristics of different HIL-based devices in double-
logarithmic plots.

a typical trend from ohmic to trap-limited to trap-free SCL
transport.”” In general, the current at low bias is determined by
the practical contact between the electrode and adjacent
injection layer. As shown in Figure S, the NPB:HATCN S vol.
% (45 nm)-based device demonstrated a little higher current
density than the device without any HILs in the low voltage
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Figure 6. Thickness-dependent UPS spectra of NPB on (a) gold and (b) 5 A HATCN/gold, in each case with a S-A-thick HATCN top layer.

range. Noticeably, in the whole voltage range, the pure
HATCN (2.25 nm)-based device exhibited very obvious hole-
injection enhancement compared to the NPB:HATCN S vol. %
(45 nm)-based device. These results suggest a clear indication
of the anode modification effect using HATCN as an HIL. In a
word, the slightly improved performance in NPB:HATCN 5
vol. % (45 nm)-based OLEDs could be attributed to the ITO
modification by the diffused HATCN molecules, which
originated from the NPB:HATCN layer. A similar phenomen-
on has been reported in Duhm et al.’s work.***” These results
correspond with the performance of the device without the p-
type effect in the NPB:HATCN film in Figure 1. A poorer
OLED performance is obtained by using the HATCN-doped
layer as the HIL because the doped HATCN decreases the
conductivity in NPB, while the hole-injection ability is also
worse than that of pristine HATCN.

Furthermore, the interfacial diffusion effect of the HATCN
molecules was verified by the in situ UPS measurement. Figure
6 shows the thickness-dependent UPS spectra of NPB on gold
(a) and on S A HATCN/gold (b). In both cases, a S-A-thick
HATCN top layer is deposited. The deposition sequence is
sketched in the upper part of the figure. The shifts of the
molecular features caused by the HATCN top layer are marked
by lines. As shown in Figure 6a, the photoemission features of
gold was attenuated by the deposition of NPB. The metal
Fermi edge was totally suppressed in the case of a coverage of
1S A NPB. It suggests that the entire gold substrate was
covered with NPB completely. There should be no pinholes in
the amorphous NPB film with a 30-A-thick coverage.
Noticeably, the deposition of a S-A-thick HATCN top layer
on the thick NPB layer caused very rigid shifts in the BE. The
shifts were assumed to relate to the HATCN diftusion through
the NPB layer toward the gold substrate. The diffused HATCN
then reacts with gold to form additional dipoles at the interface

11969

between the gold substrate and NPB layer. The generated
dipoles shift the HOMO level of the material toward the Fermi
energy (Ep) by 0.4S eV, which could be accurately seen from
the change of the HIB (from 1.15 to 0.70 eV). For comparison,
S A HATCN was deposited first to modify the gold substrate,
as shown in Figure 6b. With increasing thickness of NPB, the
HIB varied from 0.76 to 0.79 eV. Subsequent deposition of a §
A HATCN layer on top of the NPB multilayer did not result in
any significant changes in the UPS spectrum compared with
that in Figure 6a. In all, HATCN can diffuse through 3 nm
NPB to modify the gold electrode. The energy-level realign-
ment was really observed by a top deposition of HATCN
because of its diffusion toward the metal substrate and
subsequent dipole layer formation. This gives a clue that the
slightly improved device performance in NPB:HATCN-based
OLED:s is mainly attributed to an interfacial modification effect
owing to the interfacial diffusion of HATCN small molecules.

4. CONCLUSION

In summary, we have investigated the injection properties as
well as the “doping” behavior of a strong electron acceptor,
HATCN, in a typical hole-transport material, NPB. A slightly
improved OLED performance was achieved by using HATCN-
doped NPB as an HIL, whereas the hole-injection enhancement
is inferior to the case of using pure HATCN as the HIL.
Fundamental physical characteristics evaluations involving
UV—vis and FTIR absorption and XPS revealed that there
was no charge-transfer effect in the NPB:HATCN composite
films. The current—voltage injection characteristics suggested
that the improved performance in NPB:HATCN-based OLEDs
was attributed to an interfacial modification effect owing to the
interfacial diffusion of HATCN small molecules, which could
be verified by the in situ UPS evaluations.
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