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Organic light-emitting devices (OLEDs) offer great potential
for applications in flat panel displays1 and solid-state

lighting.2 A wide variety of efficient red- and green-emitting
organic materials have been developed. However, there are far
fewer stable blue-emitting materials which are required for full-
color displays and as components for generating white light. Due
to their intrinsically largerHOMO�LUMOgap, blue emitters can
also be utilized to generate emission of other colors by energy
transfer, serving as hosts for lower energy dopant emitters. As
noted recently by Reynolds et al.3 andWong et al.,4 only a handful
of deep-blueOLEDs based on organic fluorescent emitters achieve
external quantumefficiences (EQEs) greater than 1%. Examples of
molecules for blue-emittingOLEDs are derivatives of anthracene,5

carbazole,6 and fluorene.7 However, these units are predominantly
hole transporters, and a key requirement for an efficient electro-
luminescent device is balanced hole and electron transport.8

Therefore, ambipolar molecules with the propensity to stabilize
both positive and negative charges are attractive candidates. A range
of donor�acceptor (D�A) systems have been explored to manip-
ulate the HOMO�LUMO levels and the emission color. D�A
combinations include triarylamine�quinoline,9 phenoxazine�
quinoline,10 diphenylamine�diazaspirobifluorene,11 triarylamine�
1,3,4-diaryloxadiazole,12 and carbazole�1,3,4-diaryloxadiazole.13

Alternative acceptor units in D�A systems include diarylboron,14

benzothiadiazole,15 dibenzothiophene-S,S-dioxide,16 and benzimidazole.17

In this context, we previously reported the ambipolar molecule 1,
Figure 1, and its use, in the form of a spin-coated film, as an emitter
in the OLED architecture indium�tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/
1/Ca/Al.12b We now report that the new carbazole analogue 2
exhibits significantly improved device performance, notably highly
saturated deep-blue emission (CIEy < 0.10) with a maximum EQE
of 4.7% in a single-active-layer device architecture.

The synthesis of 2 is reported in the Supporting Information.
The OLED architecture was similar to that used in our

previous work,12b that is, ITO/PEDOT-PSS/2/Ca/Al The
device fabrication and measurement procedures are provided
in the Supporting Information. To allow comparison of devices
of differing size, the current and photocurrent data have been
converted to current density and photocurrent density. The
current density versus electric field (J�E), photocurrent density
versus electric field (Jph�E), and EQE characteristics for 1 and 2
are given in Figures 2 and 3.

From Figure 2a, it is evident that the conductivity of 1 is
greater than that of 2. It is expected that the HOMO level will be
lowered when the diphenylamino group of 1 is replaced by a
carbazole group. This is confirmed by theDFT calculations in the
Supporting Information. An increase of around 0.4 eV is
predicted for the energy barrier for holes from the ITO/PEDOT
anode into the emitter layer. Although we do not have indepen-
dent values for the carrier concentrations or mobilities of our
compounds, the conductivity data are consistent with holes being
the majority carriers in both compounds. Figure 2b reveals a
smaller photocurrent per unit electric field for 2. However, Jph is
not reduced as much as J. We suggest that the improved balance
between the electron and hole current for 2 leads to the
significant increase in the EQE, as shown in Figure 3. A fivefold
enhancement in EQE is achieved, from 0.26% for 1 to 1.25% in
the case of analogue 2.

Figure 4a compares the electroluminescence (EL) spectra for
1 and 2, revealing a blue shift of around 56 nm in the emission of
2 relative to 1. For 1, the peak emission is 487 nmwhile for 2 peak
emission occurs at a lower wavelength of 431 nm. This shift
suggests an increased HOMO�LUMO separation for com-
pound 2. Again, this is confirmed by the DFT calculations which
show a HOMO�LUMO separation of 3.48 eV for 2 in compar-
ison with 3.22 eV for 1.

The shape of the emission spectra also varies slighly between
the two analogues, with 1 exhibiting three main peaks at 458 nm,
487 nm, and 517 nm together with a shoulder at around 555 nm.
In contrast, compound 2 shows four peaks at 413 nm, 431 nm,
452 nm, and 480 nm and a shoulder at approximately 520 nm.

The blue shift for 2 becomes further apparent on inspection of
the Commission Internationale de L’Eclairage (CIE) diagram,
Figure 4b. Compound 2 shows a particularly saturated deep blue
emission (0.156, 0.069) compared to 1 (0.191, 0.352). This is very
close to the National Television System Committee (NTSC)
standard blue CIE coordinates of (0.14, 0.08).4 A photograph of
the light output from an OLED of 2 is given as an inset in the CIE
diagram. Some preliminary data indicating an improved stability
for unencapsulated OLEDs based on 2 are provided in the
Supporting Information.
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The effects on the behavior of the OLEDs of using spin-coating
and thermal evaporation to deposit the emissive layer are con-
trasted in Table 1 (data for the spin-coated device incorporating 1
have been taken from measurements of a device from a previous
study12b). We do not believe that the small variations in thickness
explain the differences in EQE. For both 1 and 2 the use of
evaporated layers enhances the device EQE. Furthermore, the
current and power efficiencies are both improved for 2 in the form
of an evaporated layer. The efficiencies of our single-active-layer
devices compare very favorably with those reported for multilayer
blue emitting devices based on ambipolar compounds.14b

The surface morphologies of the different layers used in this
study are shown by the atomic force microscopy (AFM) images
in Figure 5. Relatively smooth, apparently amorphous surfaces
are evident for the spin-coated layers of both compounds,
Figure 5a,c. However, distinct grains are apparent in the AFM
images of the evaporated materials, Figure 5b,d.

Photoluminescene measurements (provided in the Supporting
Information) reveal no major differences in the fluorescence
quantum efficiencies for the films in their different morphological
forms. The polycrystalline structure of the thermally evaporated
organic layers should lead to improved carrier mobilities for both
holes and electrons. Devices based on the evaporated emitters were

found to possess a significantly higher conductivity than those
fabricated by spin-coating (data provided in the Supporting In-
formation).We suggest that the electronmobility is enhancedmore
than the hole mobility, leading to a better balance between the
electron and hole currents and, consequently, to the increase in the
efficiency. Additionally, the emission zone may be moved further
away from the Ca/Al cathode, reducing EL quenching effects.

Table 1 also indicates that the efficiencies of 2 are improved
more (ca. 4 times in the case of the EQE) than those of 1 (ca. 2.5
times for the EQE) by using thermal evaporation. While the
different processing methods have little influence on the color of
the OLEDs incorporating 2, the evaporated OLEDs containing 1
reveal a blue shift in theCIE coordinates when compared to devices
fabricated using spin-coating (Figure 4b). This is possibly related to
microcavity effects resulting from the different film thicknesses.

In summary, the new ambipolar molecule 2 has been successfully
integrated into a simple, single-active-layerOLED toproduce devices
which are among the highest performing deep-blue OLEDs. Using
thermal evaporation to produce layers of 2 an EQE of over 4% with

Figure 1. Structures of compounds 1 and 2.

Figure 2. (a) Current density as a function of electric field; (b)
photocurrent per unit area as a function of electric field. Active layers
in OLEDs produced by spin-coating.

Figure 3. External quantum efficiencies of 1 and 2. Data are shown for
OLEDs in which the active layer has been deposited by both spin-
coating and thermal evaporation (data denoted as 1 evap and 2 evap).

Figure 4. (a) EL spectra of devices based on spin-coated layers of 1 and
on 2; (b) comparison of CIE coordinates of devices comprising 1 and 2,
measured at J∼ 150 Am�2 for 1 and J∼ 50 Am�2 for 2. Active layers in
OLEDs produced by spin-coating and thermal evaporation. Inset is a
photograph of the deep-blue OLED of 2.
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CIE coordinates of (0.157, 0.079) has been achieved. This combina-
tion of highly efficient deep-blue emission and a simple device
architecture is very attractive for further development.
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Table 1. Comparison of Characteristics of the Spin-Coated and Evaporated Devices

compound

deposition

method

emissive layer

thickness

(nm)

peak

emission

(nm)

fwhm

(nm) CIEa x CIEa y

turn-on electric

field (Vm�1) (turn-on

voltage, V)

EQEb

(%)

current

efficiencyc

(cd A�1)

power

efficiencyc

(lm W�1)

brightnessc

(cd m�2)

1 spin-coated 110 487 87 0.191 0.352 2.96� 107 (3.53) 0.26

1 evaporated 70 484 105 0.164 0.251 6.24� 107 (4.30) 0.63 0.93 0.30 943.2

2 spin-coated 70 431 67 0.156 0.069 4.50� 107 (3.15) 1.25 0.47 0.18 483.1

2 evaporated 105 431 81 0.157 0.079 3.99� 107 (4.18) 4.71 1.49 0.53 1520.0
aCIE coordinates of spin-coated 1measured at an applied current of 0.5 mA (J∼ 150 Am�2). All other OLEDsmeasured at an applied current of 1 mA
(J ∼ 50 A m�2). bEQE measured at 100 ( 30 cd m�2. cMeasured under an applied current of 20 mA (J ∼ 103 A m�2).

Figure 5. AFM images of films of (a) spin-coated 1 (film thickness =
53 nm); (b) evaporated 1 (64 nm); (c) spin-coated 2 (61 nm); and (d)
evaporated 2 (59 nm).


