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ABSTRACT:We demonstrate a new approach for utilizing
CuI coordination complexes as emissive layers in organic
light-emitting diodes that involves in situ codeposition of
CuI and 3,5-bis(carbazol-9-yl)pyridine (mCPy). With a
simple three-layer device structure, pure green electrolumi-
nescence at 530 nm from a Cu(I) complex was observed. A
maximum luminance and external quantum efficiency
(EQE) of 9700 cd/m2 and 4.4%, respectively, were
achieved. The luminescent species was identified as
[CuI(mCPy)2]2 on the basis of photophysical studies of
model complexes and X-ray absorption spectroscopy.

Tremendous improvements in organic light-emitting diodes
(OLEDs) have been achieved using phosphorescent emis-

sive Ir-based complexes.1 Unfortunately, Ir is low in natural
abundance, so there has been an increasing interest in lumines-
cent Cu(I) complexes2 for use in high-efficiency OLEDs. How-
ever, since most Cu(I) complexes are unstable toward
sublimation3 and hence not amenable to the vacuum deposition
methods typically used to fabricate OLEDs, few devices contain-
ing such emitters have been reported.4

Among luminescent Cu(I) complexes, those based on CuI are
well-known for their structural diversity, rich photophysical
behavior, and high luminance efficiency.5 A wide range of
structure motifs have been prepared by combining CuI and
pyridine-based ligands in different ratios.6 Excited states in the
resulting complexes have been proposed to be halide-to-ligand
charge transfer (XLCT), metal-to-ligand charge transfer
(MLCT), and/or halide-to-metal charge transfer (XMCT) states
on the basis of experimental and computational studies.5a,7

Generally, CuI-based complexes, especially with pyridine-based
ligands, are highly emissive at room temperature (rt) regardless
of the structure and nature of the excited state. However, the
application of these complexes in OLEDs has not been demon-
strated because of the aforementioned difficulties with sublima-
tion and their poor solubility or stability in solution. In this paper,
we demonstrate that codeposition of CuI and 3,5-bis(carbazol-9-
yl)pyridine (mCPy; Figure 1) is an efficient way to utilize CuI
complexes as emissive materials in OLEDs. Devices made using
CuI:mCPy films exhibit pure green electroluminescence (EL)
from a Cu(I) emitting species. The chemical composition of the

luminescent species in the codeposited film has been deduced
through studies of model complexes and X-ray absorption
spectroscopy (XAS) and determined to be primarily
[CuI(mCPy)2]2.

Figure 1 shows the photoluminescence (PL) spectra of a series
of CuI:mCPy films made by codepositing CuI and mCPy in
different molar ratios from two separate heating sources in a
vacuum chamber. For comparison, the PL spectrum of a neat
mCPy film at 77 K is also shown in Figure 1. The spectrum for the
neat mCPy film consists of an overlapping fluorescence band at
400 nm [biexponential decay, τ = 10.9 (17%) and 2.0 (83%) ns]
and a phosphorescence band at 500 nm (monoexponential
decay, τ = 0.48 s). PL was observed for codeposited CuI:mCPy
films over a wide range of molar ratios, with quantum yields as
high as 64%. The PL spectra from CuI:mCPy films are domi-
nated by a band centered near 520 nm and have decay lifetimes
(Table 1) that differ markedly from that of the mCPy film,
implying the formation of phosphorescent Cu(I) complexes.
The emission spectra of CuI:mCPy films sometimes show an
additional feature at 495 nm (Figure 1). While the shoulder at
495 nm is coincident with the phosphorescence band of neat
mCPy, other data are inconsistent with emission from the neat
ligand. Transient measurements at the two wavelengths gave the
same biexponential lifetimes listed in Table 1 for each composi-
tion. In addition, the CuI:mCPy film had identical PL spectra at
298 and 77 K. If the band at 495 nm were caused by emission

Figure 1. (left) PL spectra (λex = 350 nm) of a neat mCPy film at 77 K
and CuI:mCPy films at rt. Inset: photo of a CuI:mCPy film under UV
light (365 nm). (right) Chemical structure of mCPy.
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from neat mCPy, one would expect it to be more prominent at
lower T. Thus, the 495 nm feature is likely due to a second Cu(I)
complex at low concentration.

To verify that CuI:mCPy complexes are responsible for the
luminescence from codeposited films, we prepared a film by
codepositing CuI and 1,3-bis(carbazol-9-yl)benzene (mCP),
which lacks the coordinating pyridyl group in mCPy. The
emission spectrum of the CuI:mCP film was identical to that
of mCP (λmax = 425 nm), indicating that pyridine coordination is
required for formation of the emissive species in the CuI:
mCPy film.

CuI:mCPy films were used to fabricate four OLEDs [ITO/
NPD (25 nm)/CuI:mCPy (20 nm)/BCP (40 nm)/LiF (1 nm)/
Al (100 nm), where NPD = N,N0-bis(naphthalen-1-yl)-N,N0-
bis(phenyl)benzidine, BCP = bathocuproine] in which themolar
ratios of the CuI:mCPy films were 0:1 (device 1), 1:4 (device 2),
1:6 (device 3), and 1:10 (device 4). Figure 2 shows EL spectra of
the devices at 8 V. The emission from devices 2-4 was
significantly different from that of device 1, indicating that the
luminescence arises from a CuI:mCPy complex, consistent with
the aforementioned PL study. EL solely from CuI:mCPy was
observed in device 2 under all applied voltages. Devices 3 and 4,
with higher mCPy concentrations, exhibited a very small emis-
sive contribution from mCPy at high applied voltages (see
Supporting Information). Among OLEDs 1-4, device 4 with
the greatest amount of mCPy (CuI:mCPy = 1:10) showed the
highest external quantum efficiency (EQE = 3.2%).

Two more devices were fabricated with a tris(8-hydroxyqui-
nolinato)aluminum (Alq3) electron transport layer (ETL). The
structure was ITO/NPD (25 nm)/CuI:mCPy (1:5, 20 nm)/
BCP (x)/Alq3 (30 nm)/LiF (1 nm)/Al (100 nm), where the

thickness of the BCP layer was either x = 10 nm (device 5) or x =
0 nm (device 6). The two devices had emission spectra similar to
that of device 3, indicating that hole-electron combination
occurs within the CuI:mCPy layer and that EL arises from a
CuI:mCPy complex. As shown in Table 2, device 6 gave the
highest EQE (4.4%), power efficiency (PE = 10.2 lm/W), and
current efficiency (CE = 13.8 cd/A). Device 6 with Alq3 as the
sole ETL gave a higher efficiency than devices containing BCP
(i.e., 2-5), likely as a result of a better balance of charge injection
and transport. Moreover, the increase in efficiency suggests that
further improvement in performance can be achieved by opti-
mizing the device configuration.

Our initial lifetime measurements on CuI:mCPy-based
OLEDs are encouraging. In this study, we monitored the light
output of device 6 under vacuum (150 mTorr) while driving the
device at a current density of 20 mA/cm2 (brightness = 2100 cd/
m2). The half-life for the device under these conditions was 21 h,
corresponding to 440 h at 100 cd/m2.While this is well below the
lifetimes reported for optimized OLEDs, it is a factor of 5 longer
than that for an analogous device with the CuI:mCPy emissive
layer replaced with a 20 nm layer of Ir(ppy)3:mCPy [10 wt %,
Ir(ppy)3 = fac-tris(2-phenylpyridine)iridium]. When this Ir-
(ppy)3-based device was driven under the same conditions, a
projected half-life of 75 h at 100 cd/m2 was observed. This
indicates that the CuI:mCPy emissive layer is quite stable and
promising for OLED applications.

Previous work has shown that the three main products from
reactions of CuI and pyridine, namely, [CuI(py)]¥, [CuI(py)2]2,
and [CuI(py)]4 (py = pyridine), show blue, green, and orange
emission, respectively, in the solid state at rt.5a We prepared
several related complexes tomodel the luminescent species in the
codeposited CuI:mCPy film. [CuI(mCPy)]¥ (model A) was
synthesized via the reported method for [CuI(py)]¥

5a and
characterized by elemental analysis and emission spectroscopy.
The complex gave blue emission with λmax≈ 480 nm (Figure 3)
and a PL quantum yield (PLQY) of 64% in the solid state at rt.
The emission exhibited a slight red shift as T decreased to 77 K
(λmax = 486, 508 nm). The PL lifetimesmeasured at 480 nmwere
found to be 3.0 and 16.8 μs at rt and 77 K, respectively.

Another model complex, [CuI(mCPy)]4 3 3CH2Cl2 (model
B1), was synthesized by mixing CuI and mCPy in CH2Cl2 and
characterized by single crystal X-ray diffraction. The structure
consists of Cu4 tetrahedra with iodides capping all four faces and
the mCPy pyridyl ligands at the apexes (Figure 3). This structure
is similar to that of [CuI(py)]4.

6b Model B1 gave a primary
emission band at ∼560 nm with a decay lifetime of 2.1 μs at rt.
Exposure of crystalline B1 to vacuum resulted in loss of CH2Cl2,
forming [CuI(mCPy)]4 (model B2) with dominating emission
at 620 nm and a decay lifetime of 7.3 μs. Both B1 and B2 showed
clear luminescent thermochromism with strong blue emission

Table 1. Photophysical Data for Codeposited Films

CuI:mCPy

molar ratio λem (nm) PLQY (%)a
lifetime (μs)b

[percentage (%)]

1.8:1.0 - 0 -
1.2:1.0 532 8 0.5 [32], 3.0 [68]

1.0:2.3 496, 528 48 3.1 [28], 10.1 [72]

1.0:2.6 502, 528 62 4.4 [35], 12.8 [65]

1.0:3.7 500, 528 63 3.4 [21], 11.5 [79]

1.0:5.5 495, 528 64 3.5 [28], 11.6 [72]
a PL quantum yield. bEmission lifetimes were measured at 520 nm with
excitation wavelength of 331 nm.

Figure 2. EL spectra of ITO/NPD/EML/BCP/LiF/Al devices at 8 V,
where EML denotes neat mCPy (device 1), 1:4 CuI:mCPy (device 2),
1:6 CuI:mCPy (device 3), or 1:10 CuI:mCPy (device 4).

Table 2. Performance of Devices 1-6

device Von (V)
a Lmax (cd/m

2) EQEmax (%) PEmax (lm/W) CEmax (cd/A)

1 6.4 2500 0.54 0.28 0.86

2 3.6 8800 2.4 3.8 7.4

3 3.5 9900 3.0 4.9 9.7

4 3.7 9100 3.2 5.3 9.8

5 3.5 9100 3.9 10.3 11.7

6 3.6 9700 4.4 10.2 13.8
a Von is the voltage required to reach a brightness of 1 cd/m2.
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(λmax = 500 nm) at 77 K and decay lifetimes of∼30 μs, similar to
many reported (CuIL)4 clusters.

5a,8 In contrast, the codeposited
films showed identical spectra at 298 and 77 K.

It was found that an amorphous material (model C) prepared
by simple grinding of CuI with mCPy in a 1:4 molar ratio gave
emission centered at 530 nm with decay lifetimes of 4.0 (37%)
and 11.0 (63%) μs, quite similar to our deposited films. No
complex could be isolated on dissolution of model C, since it
transformed to polymeric [CuI(mCPy)]¥ in CH3CN and tetra-
meric [CuI(mCPy)]4 in CH2Cl2. Moreover, grinding either
[CuI(mCPy)]¥ or [CuI(mCPy)]4 with or without mCPy gave
a material having photophysical properties similar to those of the
codeposited CuI:mCPy film, although the most efficient emis-
sion was observed with added mCPy.

To characterize the structure of the luminescent species in
codeposited films, we used XAS. In order to generate sufficient
material,∼2 μmCuI:mCPy films (ratio = 1:2.5) were deposited
on five four-inch Si wafers and scraped off to give a 40 mg
powdered sample (modelD). The molar ratio was confirmed by
elemental analysis. Model D showed photophysical properties
identical to those of the codeposited films used for photophysical
and EL studies. Details of sample preparation, characterization,
data collection, and analysis for XAS are given in the Supporting
Information. Investigation of the XANES pre-edge region con-
firmed the presence of only monovalent Cu in the sample. The
XANES spectrum was compared with those of the known two-,
three-, and four-coordinate model complexes [Cu(xypz)]2-
(BF4)2 [xypz = bis(3,5-dimethylpyrazoyl)-m-xylene], [(C6-
H5)4P]2[Cu(SC6H5)3], and [Cu(py)4]ClO4, respectively
(Figure S12).9 The intensity of the peak at ∼8984.5 eV, which
is characteristic of 1s f 4p transitions in Cu(I) species,
precluded the possibility of two-coordinate Cu(I) in the sample.
The energy of the three-coordinate Cu(I) model complex closely
matched that of the Cu(I) in the film. However, the energy of the
1s f 4p transition can decrease with I- ligation because of
greater electron-donating ability of I- than of the N/S-based
ligands of the model complexes, which results in a lower Zeff. In
addition, decreased antibonding of the halide orbitals with Cu(I)
4p orbitals in comparison with the N/S ligand reference com-
plexes can also contribute to a shift to lower energy. Thus, the
data are also consistent with the presence of a four-coordinate
Cu(I) species in the CuI:mCPy film (model D).

The Fourier transform (FT) is shown in Figure 4, and the
EXAFS fit parameters are given in Table 3. Table 3 also gives

EXAFS fit parameters for polymeric model complex A and
related parameters (derived from crystallographic coordinates)
for model B1 and [CuI(pyCN)2]2

10 (pyCN = 3-cyanopyridine)
(model E) for comparison. The combination of one Cu-Cu and
two Cu-I paths around 2.6 Å gave the best fit to the data. The
distance and σ2 parameter for the two paths were strongly
correlated. On the other hand, a poor fit to the data was found
when either of those paths was excluded or when any one of the
two paths, in the absence of the other, was split into two. Other
coordination numbers between 1 and 4 for Cu-Cu and Cu-I
can be excluded on the basis of a poorer fit factor, F, and/or
higher σ2. A Cu-N path at 2.02 Å was also necessary. A slight,
albeit insignificant, improvement in the fit was observed using a
two Cu-N rather than a one Cu-N path.

Analysis of the EXAFS and FT data enabled us to distinguish
the major Cu(I) species present in the CuI:mCPy film. The data
for model D and the [CuI(mCPy)]¥ polymer (Figures S13-
S15) showed major differences, confirming that the CuI:mCPy
film and polymer consist of different species. A complex related
to model B1 could also be eliminated as a possibility by
comparison of the Cu-Cu and Cu-I coordination numbers
in Table 3. The structural parameters for model D closely match
those reported in the literature for model E.10 Thus, on the basis
of both the luminescence spectra and XAS studies, the emitting
species in CuI:mCPy thin films is most likely the dimeric
complex [CuI(mCPy)2]2 (illustrated in the Figure 4 inset), with
small variable amounts of [CuI(mCPy)]¥ in low enough con-
centration that it does not contribute significantly to the XAS.

Codeposition of mCPy with CuBr and CuCl was also exam-
ined. Both CuBr and CuCl reacted with mCPy to form lumines-
cent films. However, neither halide material showed a
luminescence efficiency comparable to the CuI-based materials.
Films made using CuBr displayed an emission peak at 550 nm
(τ = 6.7μs) with amaximumPLQY of 37%. TheCuCl-based film
had a red-shifted emission peak at 570 nm (τ = 3.1 μs) and a
lower PLQY of 14%. The red-shifted emission spectra and
decreased PLQY are consistent with the low ligand-field
strengths of the Br and Cl anions and the expected reduction
in spin-orbit coupling for the lower-Z halogens.

We also examined thin films prepared by codeposition of CuI
and the common OLED materials 1,3,5-tris(N-phenylbenzimi-
dazole-2-yl)benzene (TPBi) and 2-(4-biphenylyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole (PBD). Emission from both the

Figure 3. (left) PL spectra (λex = 350 nm) of [CuI(mCPy)]¥ (modelA),
B1, [CuI(mCPy)]4 (model B2), and ground CuI with mCPy (modelC).
(right top) Space-filling drawing of [CuI(mCPy)]4 3 3CH2Cl2 (modelB1)
fromcrystal coordinates. (right bottom)ORTEPstructure (50%)of theCu4I4
core ofB1with only the coordinatingN atomsof themCPy ligands shown.

Figure 4. Non-phase-shift-corrected Fourier transform of codeposited
CuI:mCPy film species (model D, CuI:mCPy = 1:2.5). Inset: chemical
structure of [CuI(mCPy)2]2. The phase shift in the first shell was ∼0.4
Å. Data, fit, and deconvoluted waves are shown.
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TPBi- and PBD-based films gave substantial components for the
organic materials themselves as well as a CuI complex (see
Supporting Information) and only moderate PLQYs (∼17 and
14%, respectively). The low efficiency and ligand contamination
of the spectra are likely due to the fact that both TPBi and PBD
are poor ligands for Cu, leading to incomplete formation of the
emissive Cu(I) complex.

In summary, we have demonstrated that CuI coordination
complexes can be formed in situ by codeposition of CuI and
ligand, leading to efficient OLEDs containing Cu(I) complexes.
The ligand material in this case serves a dual role as both a ligand
for forming the emissive complex and as a host matrix for the
formed emitter. While complex formation occurs for a number of
materials, care must be taken in the design of the organic material
to ensure that it is a good ligand for Cu coordination. This new
approach may be easily extended to other ligands to generate
functional layers for use in organic optoelectronic devices.
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