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jection in organic light-emitting
diodes utilizing a copper iodide-doped hole
injection layer

Meiling Shan, Haipeng Jiang, Yu Guan, Dongsu Sun, Yu Wang, Jie Hua and Jin Wang*

We have demonstrated organic light-emitting diodes (OLEDs) by incorporating copper iodide (CuI) in

4,40,400-tris(N-3-methylphenyl-N-phenyl-amino)triphenylamine (m-MTDATA) as a hole injection layer

(HIL) based on the emitting system of C545T–Alq3. The device with CuI-doped m-MTDATA HIL shows

a very low operating voltage of about 4.26 and 5.70 V for 1000 and 10 000 cd m�2, respectively, which

reveals a great improvement over the undoped device m-MTDATA HIL (4.85 V for 1000 cd m�2 and

7.72 V for 10 000 cd m�2). Furthermore, the CuI-doped device exhibits a maximum power efficiency of

5.88 lm W�1, about 58% higher than that of the corresponding undoped device (3.71 lm W�1). The

improved performance of the CuI-doped device could be attributed to the enhanced hole injection and

transport due to the generation of free charge carriers in the CuI-doped layer by charge transfer from

m-MTDATA to CuI molecules, leading to an increase in electrical conductivity and formation of ohmic

contact at the ITO/HIL interface.
1. Introduction

Organic light-emitting diodes (OLEDs) are potential devices for
application in eco-friendly next-generation displays and energy-
saving solid-state lighting sources due to their intrinsic prop-
erties, such as high efficiency, environmental friendliness,
exibility, and easy fabrication.1–5 Although the performance of
OLEDs has had signicant advances over the past two decades,
their power consumption is one of the most crucial issues for
commercial applications up to date.6–12 In general, a plurality of
energy barriers for charge injection is present at the electrode/
organic and organic/organic interface in OLEDs. The barrier
commonly would result in high operating voltage, low effi-
ciency, and fast degradation in OLEDs because observed
currents are controlled by both charge injection and trans-
port.13,14 Therefore, a low barrier at the interface is desired for
efficient charge injection and is generally a prerequisite to
reduce power consumption.

In the case of the anode side, the quality of the hole injection
layer (HIL) in OLEDs is a crucial factor for the operating voltage,
power efficiency, and stability of the device. Recently, various
kinds of organic or inorganic semiconductor materials as
dopants were introduced for HIL in OLEDs to reduce the hole
injection barrier (HIB) at the anode/organic interface and
increase hole transporting ability at the bulk.15 Specially, tran-
sition metal oxides (TMOs), including molybdenum, tungsten,
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vanadium, and rhenium oxides (MoO3, WO3, V2O5, and
ReO3),16–19 have been doped into HIL as n-type dopants to
enhance device performance. Such transition metal oxides have
deep-lying energy band structures and natural oxygen vacan-
cies. Furthermore, their conduction band edges are located very
close to the Fermi level of the anode, which facilitate hole
injection and transport due to the interfacial charge generation
at TMO/organic interface. In addition, metal halide materials
such as copper iodide (CuI),20 antimony pentachloride (SbCl5),21

ferric chloride (FeCl3),22 and sodium chloride (NaCl),23 have
been successfully utilized as a p-type semiconductor material
for improving hole injection in OLEDs. Among these materials,
CuI shows high optical transparency in the visible spectral
range, high work function, good conductivity, and low thermal
evaporation temperature, which make this material particularly
suitable for HIL.20,24 Kim et al. demonstrated top-emitting
OLEDs using CuI doped in NPB as the HIL to enhance the
hole injection from Ag metal anode.20 In this paper, we intro-
duce CuI as the electron-acceptor dopant in 4,40,400-tris(N-3-
methylphenyl-N-phenyl-amino)triphenylamine (m-MTDATA) to
form a p-doping HIL in OLEDs for improving the hole injection.
Hole injection from the ITO anode to m-MTDATA is dramati-
cally enhanced by the formation of charge transfer complex
between m-MTDATA and CuI. The device exhibits extremely
low operating voltage of about 4.26 and 5.70 V for 1000
and 10 000 cd m�2, respectively, which are among the best re-
ported for the device based on 2,3,6,7-tetrahydro-1,1,7,7,-tetra-
methyl-1H,5H,11H-10-(2-benzothiazolyl)quinolizino [9,9a,1gh]
coumarin (C545T)–Alq3 system. Moreover, the CuI-doped device
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Absorbance spectra of the pure m-MTDATA and CuI-doped
m-MTDATA films at various CuI concentration. Inset: absorbance
spectrum of the pure CuI film.

Fig. 2 The J–V–L characteristics of the devices with various thickness
of 10% CuI-dopedm-MTDATA HIL. Inset: current efficiency vs. current
density characteristics.
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exhibits a maximum power efficiency of 5.88 lm W�1, about
58% higher than that of the corresponding undoped device.

2. Experimental details

The OLEDs were fabricated on glass substrates commercially
precoated with a layer of indium tin oxide (ITO, a sheet resis-
tance of 40 U sq�1) as anode. The substrates were thoroughly
cleaned sequentially with acetone, alcohol and deionized water
by scrubbing and sonication, then dried in an oven, and treated
in an ultraviolet–ozone chamber prior to insertion into a high
vacuum deposition chamber with a base pressure less than 5.0
� 10�4 Pa. All materials used in this work were purchased from
Luminescence Technology Corporation except for CuI, which
was purchased from Sigma-Aldrich, and used directly without
further purication. The molecular structures of the organic
materials can be found elsewhere. Organic materials were
deposited by thermal evaporation at the rates of�0.1 nm s�1 on
an ITO patterned glass substrate. Aer the deposition of organic
semiconducting materials, the device was completed by
depositing an Al cathode on the sample at a rate of >0.1 nm s�1.
All doping concentrations reported herein are given in
percentage by weight. All the thicknesses and deposition rates
were monitored in situ using quartz crystal monitors during
deposition. Hole-only devices (HODs) were prepared by the
same procedure. The overlap between ITO anode and Al
cathode was 4 mm2 as the active area size of devices. The
current density–voltage (J–V), luminance–voltage (L–V) charac-
teristics, and radiance of all devices were measured by an
automatic system containing a constant current source (Keith-
ley 2400 Source meter) and a calibrated spectrometer (Photo
Research SpectraScan PR-655). The absorbance spectra of lms
were measured by means of UV-Vis spectrophotometer
(UV 1700, Shimadzu). All devices were measured without
encapsulation at room temperature under ambient conditions.

3. Results and discussion

In general, p-type dopants forms charge-transfer (CT) complex
with hole transporting organic materials by charges transfer
from the highest occupied molecular orbital (HOMO) of host
materials to the lowest occupied molecular orbital (LUMO) of
dopant molecules.25 If we consider that m-MTDATA possesses
HOMO level of 5.1 eV and CuI has a high work function of about
5.5 eV,26 CT complex can easily form as detected by the presence
of additional absorption peaks in absorbance spectrum.27 Fig. 1
shows the UV-Vis absorbance spectra of the glass substrate/pure
m-MTDATA lm (40 nm) and glass substrate/CuI:m-MTDATA
lms (5%, 10%, 20%, and 33%) (40 nm). The inset shows the
absorbance spectrum of the 40 nm CuI lm on glass substrate.
The strong absorption peaks of both the pure m-MTDATA and
CuI lm are located at the wavelength less than 410 nm, while
the CuI-doped lms show an additional absorption band in the
range from about 410 to 490 nm, which is attributed to the
formation of CT complex owing to CuI accepting electrons from
m-MTDATA.15,21 Moreover, as the CuI doping concentration
increases, the additional absorption peak increases,
This journal is © The Royal Society of Chemistry 2017
companying with a decrease in the original absorption peak of
pure m-MTDATA at shorter wavelengths. This result demon-
strates that the CuI molecules contribute to the formation of the
CT complex until a doping concentration of 33% is reached.
Similar results are also observed in CuI-doped 2T-NATA lm.28

Fig. 2 and the inset show themeasured current density–voltage–
luminance (J–V–L) and current efficiency versus current density
characteristics of the Alq3-based devices with the various
thickness of CuI-doped m-MTDATA HIL, which consists of ITO/
CuI:m-MTDATA (10, 20, and 30 nm)/m-MTDATA (30, 20, and
10 nm)/N,N0-bis(naphthalen-1-yl)-N,N0-bis(phenyl)-benzidine
(NPB) (10 nm)/tris(8-hydroxy-quinolinato)aluminium (Alq3)
(60 nm)/LiF (0.8 nm)/Al (120 nm), where the CuI doping
concentration was xed at 10%. For comparison, a reference
device of undoped m-MTDATA with ITO/m-MTDATA (40 nm)/
NPB (10 nm)/Alq3 (60 nm)/LiF (0.8 nm)/Al (120 nm) was fabri-
cated simultaneously. Compared with the undoped device, the
devices with CuI-doped m-MTDATA layer are able to generate
a substantially larger current density at the same operating
voltage. These results indicate that the CuI-doped layer would
be effective for voltage reduction. For instance, the operating
voltage signicantly reduces from 6.37 to 5.45 V at 50 mA cm�2

when the thickness of the doped layer increases from 0 to
20 nm, while the operating voltage slightly reduces to 5.34 V as
the thickness further increases to 30 nm. It is clearly seen that
hole injection and transport have been enhanced in the devices
with the CuI-doped m-MTDATA layer. Besides, the doped
devices show higher brightness than the undoped device, and
RSC Adv., 2017, 7, 13584–13589 | 13585
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Fig. 4 The J–V characteristics of the HODs with various CuI
concentration.

Fig. 5 J–V characteristics of ITO/CuI:m-MTDATA (0%, 5%, 10%, 20%,
and 33%) (60 nm)/Al.
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the one with CuI-doped layer thickness of 20 nm exhibits better
luminance performance. However, it is worth noting that
doping CuI in the m-MTDATA layer results in a slight decrease
in the current efficiency, which mainly results from charge
imbalance in the emissive layer of the OLEDs due to the
enhanced hole injection and transport.29

To obtain the detailed information on the enhancement of
hole injection and transport caused by doping of CuI in
m-MTDATA layer, a series of HODs with ITO/HIL/NPB/Al
structure were investigated. In this device geometry, the
current ows proceed predominantly by the transport of hole
due to the large electron injection barrier from the Al cathode to
the NPB and the small electron mobility of the NPB. Fig. 3
shows the J–V characteristics of the HODs consisting of ITO/
10% CuI:m-MTDATA (0, 10, 20, and 30 nm)/m-MTDATA (40, 30,
20, and 10 nm)/NPB (60 nm)/Al. Obviously, the current density
of the CuI-doped HODs increases signicantly at the same
forward operating voltage relative to the undoped HOD.
Furthermore, with the increase of the thickness of the doped
layer, the operating voltage decreases until the optimum
thickness is 20 nm. However, as the doped layer further
increases over 20 nm, the device exhibits a relatively slow
decrease in the operating voltage. The change in operating
voltage is in agreement with that of the CuI-doped Alq3-based
devices (as shown in Fig. 2). Therefore, this result reveals that
the CuI-doped m-MTDATA indeed leads to lower operating
voltage due to the enhanced hole injection and transport.

In addition, the reduction in operating voltage would result
from both the interface and bulk effects of the doped layer.30,31

To further study hole injection capability of CuI-doped
m-MTDATA layer, we fabricated a series of HODs with various
CuI doping concentration, which conguration is ITO/CuI:m-
MTDATA (x%, 40 nm)/NPB (60 nm)/Al, where x is 0, 5, 10, 20,
and 33, respectively. As shown in Fig. 4, the CuI-doped HODs
show larger hole current than the undoped HODs, suggesting
that CuI-doped m-MTDATA should be the better hole injection
interfacial layer onto ITO anode in OLEDs. Furthermore, as the
CuI doping concentration increasing, the J–V characteristics of
the devices gradually shis to the lower operating voltage,
indicating that the hole injection efficiency increased steadily
with the CuI doping concentration increases. The observed
reduction of the operating voltage can be explained based on
the conductivity of the doped lms. The device with structure of
ITO/CuI:m-MTDATA (0%, 5%, 10%, 20%, and 33%) (60 nm)/Al
Fig. 3 The J–V characteristics of the HODs with various thickness of
10% CuI-doped m-MTDATA.

13586 | RSC Adv., 2017, 7, 13584–13589
was used to investigate the change of electrical conductivity
for the different CuI concentrations in m-MTDATA and the J–V
characteristics of the devices, as shown in Fig. 5. The J–V
characteristics of the device with undoped m-MTDATA layer
shows good coincidence with trapped charge limited current
model (below �1.4 V) and space charge limited current model
(above �1.4 V). In contrast, it is clearly seen that the doped
Fig. 6 (a) J–V–L and (b) current efficiency–luminance–power effi-
ciency characteristics of devices: ITO/CuI:m-MTDATA (x%, 20 nm)/m-
MTDATA (20 nm)/NPB (10 nm)/C545T:Alq3: (1%, 35 nm)/Alq3 (35 nm)/
LiF (0.8 nm)/Al (120 nm) (x ¼ 0, 5, 10, 20, and 33).

This journal is © The Royal Society of Chemistry 2017
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Table 1 Electroluminescence performance of devices with undoped and CuI-doped m-MTDATA HIL

Doping rate
(%)

Operating voltagea

(V)
Current efficienciesb

(cd A�1)
Power efficienciesb

(lm W�1)
Maximum luminance
(cd m�2)

Undoped 4.85, 6.60, 7.72 8.64, 5.63, 7.36 3.71, 3.68, 3.53 54 860 at 11.0
5 4.72, 5.75, 6.33 9.78, 7.41, 8.93 5.44, 5.00, 4.96 64 790 at 8.5
10 4.66, 5.60, 6.11 10.40, 8.26, 9.02 5.70, 5.63, 5.08 73 260 at 8.5
20 4.26, 5.20, 5.70 9.75, 7.89, 8.93 5.88, 5.87, 5.43 40 630 at 7.0
33 4.38, 5.29, 5.77 9.04, 5.63, 7.98 4.89, 4.05, 4.79 49 550 at 7.0

a Order of measured operating voltage at 1000, 5000 and 10 000 cdm�2. b Order of measured value: maximum, then values at 1000 and 5000 cdm�2.
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devices exhibit ohmic-like J–V characteristics (J f V) at low
voltage. The electrical conductivity calculated from quasi-ohmic
region of the doped CuI devices are shown in inset of Fig. 5,
which indicates the conductivity enhances with the increase of
the CuI concentration in m-MTDATA, and its many orders of
magnitude higher than that of undoped m-MTDATA (�10�10 S
cm�1). This behavior demonstrates that doping CuI in m-
MTDATA layer enhances the charge injection and transport due
to the increase in free holes concentration in the doped layer,
which is caused by the electron charge transfer from m-
MTDATA to CuI molecules. Yi et al. also recently reported that
CuI interlayer dramatically reduced the HIB height from ITO to
organic layer owing to the electron-withdrawing property of CuI
and relatively small interface dipole,26 which may be respon-
sible for the enhancement of the hole injection simultaneously
in our work.

Since it was proved that holes could be more easily injected
by CuI doped in m-MTDATA layer, we investigated the effect of
CuI doping concentration on the device performance. The
detailed device conguration was as follows: ITO/CuI:m-
MTDATA (x%, 20 nm)/m-MTDATA (20 nm)/NPB (10 nm)/
C545T:Alq3 (1%, 35 nm)/Alq3 (35 nm)/LiF (0.8 nm)/Al (120 nm),
where C545T acted as dopant for green emission. In the CuI-
doped layer, the doping concentration in percentages by
weight is 0%, 5%, 10%, 20%, and 33%, respectively. Fig. 6(a)
illustrates J–V–L characteristics of the devices with various CuI
doping concentration. Detailed performance parameters of
devices are listed in Table 1. In good accordance with the
results of HODs experiments above, the devices with CuI-
doped m-MTDATA show lower operating voltage than the
undoped ones. The undoped device exhibits operating voltage
of 6.09 V at 50 mA cm�2. In contrast, the CuI-doped devices
show an obviously reduction of operating voltage. For
instance, the devices with 5%, 10%, 20%, and 33% CuI-doped
m-MTDATA layer show the operating voltages of 5.74, 5.50,
5.08, and 5.11 V at 50 mA cm�2, respectively. In addition, at
a luminance of 1000 cd m�2, the operating voltage for doped
devices is in the range from 4.72 to 4.26 V, while that for
undoped device is 4.85 V. The present device based on the
emitting system of C545T–Alq3 exhibits the lowest operating
voltage of 4.26 V (1000 cd m�2) among the best ever reported in
the literatures.32–34 Furthermore, from the summarized data in
Table 1, it can be seen that the maximum luminance of 73 260
cd m�2 and maximum current efficiency of 10.40 cd A�1 are
This journal is © The Royal Society of Chemistry 2017
achieved in the 10% CuI-doped device. The current and power
efficiency characteristics of the same devices are shown in
Fig. 6(b). The current efficiency increases from 7.36 to 8.93 cd
A�1 at 5000 cd m�2 with increasing of CuI doping concentra-
tion from 0% to 5%. Moreover, the devices demonstrate
similar current efficiency of around 9.0 cd A�1 at 5000 cd m�2

when the doping concentration varies from 5% to 20%. As the
concentration further increases to 33%, the current efficiency
decreases to 7.98 cd A�1 at 5000 cd m�2. It should be noted
that the better performance in current efficiency of the doped
devices originates from the improvement of hole injection and
transport as well as good charge balance in the emissive layer.
It is obvious that the doped devices show substantially
enhanced power efficiency in comparison with the undoped
device, and optimum performance is obtained in the device
with doping concentration of 20%. The optimized device
exhibits a maximum power efficiency of 5.88 lm W�1 at about
570 cd m�2, which increases about 58% as compared to that of
the undoped device owing to reduction in operating voltage by
CuI doped in m-MTDATA layer. Remarkably, the power effi-
ciency of optimized device slightly decreases from the
maximum value of 5.88 to 5.43 lmW�1 (5000 cd m�2 at 5.20 V),
and even at extremely high luminance of 10 000 cd m�2 (5.70
V), the power efficiency can still reach 5.10 lm W�1.
4. Conclusions

In summary, we demonstrated efficient OLEDs with CuI-doped
m-MTDATA HIL based on the emitting system of C545T–Alq3.
Compared to the undoped device, the devices with doping CuI
in m-MTDATA layer exhibited a lower operating voltage and an
enhanced power efficiency. When the doping concentration is
20%, the CuI-doped device exhibited very low operating voltage
of about 4.26 V for 1000 cd m�2 and 5.70 V for 10 000 cd m�2. A
maximum power efficiency of 5.88 lm W�1 was realized, which
increased about 58% comparing with the undoped device. The
improvement of device performance was ascribed to the
enhanced hole injection and transport owing to the p-type
doping effects in the organic lms and hole concentration
increases, resulting in an increase in electrical conductivity and
formation of ohmic contact at the ITO/HIL interface. This result
suggests that the combination of optimized thickness and
concentration of CuI doping in HIL is an excellent strategy to
enhance the hole injection and transport in OLEDs.
RSC Adv., 2017, 7, 13584–13589 | 13587
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