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Abstract:  The phase shift on the reflection from a semitransparent 
electrode of a top-emitting organic light-emitting device is utilized in this 
paper to realize a deep blue emission with high efficiency. The phase shift 
could be adjusted by changing the thickness of Alq3 when it was deposited 
onto the semitransparent electrode of the device. Through simulation it is 
found that the blue shift of the resonant wavelength occurs in a certain 
range, which is concerned with Alq3 thickness and the cavity length 
between two reflective electrodes. According to the simulation, a blue top-
emitting organic light-emitting device with a designed structure was 
demonstrated experimentally by using such a phase-shift adjustment layer. 
Finally, the device showed excellent performance both in efficiency (3.4 
cd/A at 8 V) and Commission Internationale de l’Eclairage coordinates 
(0.13, 0.15). The brightness of the device reached 20 000 cd/m

2
. 
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1. Introduction  

Recently, top-emitting organic light-emitting devices (TEOLEDs) have attracted more and 
more attention because of their potential for commercial application in using more 
complicated active-matrix architectures for high-performance and fabrication of more pure 
light via the microcavity effect to accomplish full-color, active-matrix organic light-emitting 
devices (OLEDs) [1]. As is known, the spectra emitted by a TEOLED with double metallic 
electrodes could be narrowed easily because of the microcavity effect. As a result, the color of 
emissive light shows better saturation than that of conventional bottom-emitting devices. Up 
to now, most of the monochromatic TEOLEDs have exhibited better performance than that of 
corresponding bottom-emitting devices [2–5]. However, it is still difficult to obtain a pure 
blue TEOLED with high efficiency. Though most of blue TEOLEDs reported thus far have 
acceptable Commission Internationale de l’Eclairage coordinates (CIEx,y), their efficiency is 
still not as good as that of corresponding bottom-emitting devices [6,7]. 

It is well known that the resonance wavelength of a cavity is a dominant factor in the 
determination of the emission wavelength of a device using such a microcavity structure. 
According to the resonant conditions of the microcavity, the resonance wavelength could be 
determined by the following formula: 
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where λ is the emission wavelength; (0, )
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dependent phase changes on reflection from the top and bottom mirrors, respectively; and m is 
an integer that defines the mode number.  ni(λ) and di are the refractive index and the 
thickness of each organic layer. From this formula, it is well understood that the achievement 
of a shorter resonance wavelength under a fixed mode requires a smaller cavity length or a 
bigger phase shift on the reflection. Though reducing the thickness of the organic medium 
between two reflective mirrors is a convenient method to realize the shorter resonant 
wavelength, it is unserviceable for application because of its many other problems [8]. To 
avoid those problems, another way to accomplish a blue top-emitting device with high 
efficiency is considered. Accordingly, a change in the phase shift on the reflection from a 
semitransparent electrode where light is emitted is discussed in this paper. The change is 
acquired by adding an optical film, i.e., a phase-shift adjustment layer (PSAL), onto the 
semitransparent electrode.   

2. Model 

Considering semitransparent electrodes of a device capped by an optical film, the multi-
structure electrodes are substituted by an equivalent film to simplify the simulation, as 
depicted in Fig. 1. The phase change on the reflection from such an equivalent film is defined 
according to the complex reflection coefficient  
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Here, η0  is the effective optical admittance of an organic layer adjacent to the equivalent thin 

film and 
0
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respectively. ( )
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n λ  is the refractive index of the organic layer adjacent to the top metal mirror 
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and 
i
θ  is the angle inside the organic layer.  Y  is the complex optical admittance of this 

multilayer structure, which can be acquired by transfer matrix [9]. Thus, the phase changes of 

 
 
 

Fig. 1. Schematic diagrams of top-emitting devices and equivalent layers of multi-structure 
cathodes. 

s-polarized and p-polarized light on the reflection from such a mirror are expressed by the 
following functions related to the thickness and refractive index of each capping layer [10]: 
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of which s and p signify s-polarization and p-polarization, respectively. 
1k

θ +  is the angle in 

the k+1th layer, which is related to 
i
θ  according to Snell’s law, and cos

i
x yiθ = + . For 

perpendicular incidence, the phase change of the s-polarization is in agreement with that of 
the p-polarization. And then, according to the model based on dipole radiation in a multilayer 
thin-film structure, the emission intensity in this direction can be given by [4, 11] 
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Here 
bot

R  and 
top

R  are the reflectance of the bottom metallic mirror and the top 

semitransparent mirror, respectively.  z  is the optical distance of the emitting dipoles to the 
bottom metallic mirror. Since the thickness of such an optical film is correlated to the phase 
shift on the reflection and emission intensity, it can be utilized properly to obtain a shorter 
emissive wavelength, even a blue emission.  

In this paper, Alq3 was used as the phase-shift adjustment layer, which is deposited onto a 
semitransparent electrode. To extract the effect of the thickness change of Alq3 on the change 
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of the resonant wavelength straightforwardly, a simulation of the reflective phase change in 
the perpendicular direction with regard to the thickness of the capping layer is carried out 
first. Then an experiment based on simulation is executed. 

4. Experiments 

The device configuration used in our experiment as well as the schematic diagram of the 
equivalent layer was shown in Fig. 1. The optical constant of each layer referred to in the 
simulation was measured by ellipsometry. Before deposition of the metal electrode, the SiO2 

coated Si substrate was rinsed in a processing routine. Subsequently, a patterned 45 nm thick 
Ag was deposited on the substrate as an anode and bottom mirror, and then the sample was 
loaded into another evaporation chamber for organic deposition. 1.7 nm thick MoOx was 
deposited first onto the Ag electrode as a buffer layer for better hole-injection capacity. Then, 
30 nm thick 4,4′,4′′-tris(3-methylphenylphenylamino) triphenylamine (m-MTDATA), 5 nm 
thick N,N′-di(naphthalene-1-yl)-N,N′-diphenyl-benzidine (NPB),  15 nm thick 4,4′-bis(2,2′-
diphenylvinyl)-1,1′-biphenyl (DPVBi), 5 nm thick 4,7-diphenyl-1,10-phenanthroline (Bphen), 
and 35 nm thick tris-8-hydroxyquinoline aluminum (Alq3) were deposited in succession as the 
hole injecting layer, hole transporting layer, emitting layer, hole blocking layer, and electron 
transporting layer, respectively. All organic layers were deposited in a high vacuum of about 
10

−6
 Torr and monitored by using an oscillating quartz thickness monitor in situ. 1 nm thick 

LiF was deposited as buffer layer without breaking the vacuum. Following the deposition of a 
1 nm thick Al layer onto LiF, a 26 nm thick Ag cathode was deposited last to ensure the 
conductivity. For comparison, a counterpart bottom-emitting (BE) device was fabricated 
employing transparent Indium-Tin-Oxide (ITO) as the anode and the same cathode structure. 
The thickness of each layer used in the devices was emended by ellipsometry. 
Electroluminescent (EL) spectra, luminance yield, Commission International de l’Eclairage 
coordination (CIEx,y), and I-V curves of the devices were measured by the system consisting 
of PR650 and Keithley 2400 in the atmosphere. The transmittance and reflectance of the 
multi-structure electrode were measured by an ultraviolet spectrophotometer. 

5. Results and discussions 

In Fig. 2, the phase shift on the reflection from a semitransparent cathode of LiF/Al/Ag is 
simulated as the thickness of the PSAL changes from 0 nm to 100 nm. It is obvious that the 
phase change on the reflection increases as the thickness of the PSAL of Alq3 increases until it 

 
 

Fig. 2. Simulation of phase changes on the reflections of the top cathodes with various 
thicknesses of PSALs. 

is 50 nm within the wavelength range of less than 500 nm. When the thickness increases 
further, the phase change begins to descend within the range of less than 460 nm, while it 
keeps on increasing within a wavelength range greater than 460 nm. The regular phase shift 
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indicates that the blue shift of a resonant wavelength caused by changing the thickness of the 
PSAL will take place in a certain range. By simulating the peak of emission spectra related to 
various thicknesses of PSALs and cavity lengths, which mean the physical thickness between 
two reflective electrodes, the change of the resonant wavelength is clearly presented. The 
peaks’ changes in the simulation spectra of devices with PSALs of various thicknesses and 
cavity lengths are listed in Table 1. It is easily found that the peak of the resonant wavelength 
begins to shift to blue as the thickness of the PSAL increases until the thickness is 60 nm. If 
the thickness keeps on increasing, the resonant wavelength begins to move back. This 
phenomenon is consistent with the change of the phase shift on the reflection, and it also 
supports our deduction that the change of peak is definite for certain materials. 

Table 1.  Simulative Resonant Wavelengths and Maximum Shifts Associated with Different 
Thicknesses of PSALs and Cavity Lengthsa 

Cavity lengthb 

Thicknesses of PSALs 
 

Maximum shift 
 

 

 

0         10        30       50       60       70        90     100 

 

∆max 

 
80 468 468 464 456 456 456 460 464 12 

90 496 496 488 480 476 484 488 492 20 

100 528 528 520 508 508 512 520 520 20 

a
Unit nm. 

bHere cavity length is the total thickness of organic layers sandwiched by two electrodes. 

By analyzing the simulative data, it is also found that the maximum of change is different 
when different cavity lengths are adopted. According to Eq. (1), the expression for 

wavelength shift λ∆  on the perpendicular incidence can be obtained as follows:  

        top bot
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From these equations, it is found that the maximum wavelength shift is not only associated 
with the cavity length but also the phase change. However, a phase change on the reflection 
from the top electrode occurs in a certain range as the thickness of the PSAL changes. Then, a 
certain phase change will lead to a lesser wavelength change when a small cavity length is 
chosen. As a result, the maximum shift of the wavelength will also be reduced.  

 

Fig. 3. Simulative emission spectra of top-emitting devices with cavity lengths of 90 nm. 
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Since Alq3 is used as the PSAL in our simulation, the total thickness of the organic layer 
that determines the initial resonant wavelength must be in a certain range; otherwise, the shift 
of the resonant wavelength is not strong enough to obtain a blue emission. Accordingly, a 
device with a cavity length of 90 nm is adopted, and the simulative emission spectra are 
shown in Fig. 3. From Fig. 3 it is found that both the blue shift of the wavelength and the 
enhancement of spectra intensity are obtained. Based on the simulative emission spectra, the 
brightness is calculated according to the principle of radiometry and photometry. The 
calculated results are shown in Table 2. Though intensity of the emission spectra of the device 
with a 70 nm thick PSAL is the strongest according to Fig. 3, the brightness of the device with 
a 60 nm thick PSAL still is the highest after calculation using the vision function. Because the 
PSAL capped on the surface of the top-electrode is independent of the electricity 
characteristic, we suppose the device using a 60 nm thick PSAL will show the best 
performance. 

Table 2. Simulative Brightness of a Top-emitting Device with Cavity Length of 90 nm 

Thickness of PSAL (nm) 0 30 50 60 70 90 

Brightness (cd/m
2
) 8847 10630 10750 11060 9960 8594 

 

 

Fig. 4. Experimental emission spectra of a bottom-emitting device (open square) and a blue 
top-emitting device capped by various PSALs (solid line, 0 nm; dashed line, 50 nm; dotted line, 
60 nm; dashed-dotted line, 70 nm). Inset: Comparison of numerical simulation spectra (open) 
and experimental (closed) emission spectra of devices without (square) and with (triangle) 60 
nm thick Alq3. 

To confirm our numerical simulation, controlled devices with PSALs of various 
thicknesses were fabricated, and another counterpart bottom-emitting device was used for 
comparison. Figure 4 shows the electroluminescence (EL) spectra of these devices. It is now 
clear that the emission spectra shifts to blue since the PSAL is deposited onto the 
semitransparent cathode of the top-emitting device where the light is coupled out. The peak of 
the spectra changes to 484 nm from the original peak of 492 nm as the thickness of the PSAL 
reaches 50 nm. The spectra get a maximum shift of 16 nm as the thickness of the PSAL 
increases to 60 nm. The measured emission spectra are nearly in accordance with the 
simulation spectra, as shown in the inset of Fig. 4. The comparison of the photoluminescent 
(PL) spectra of Alq3 and the emission spectra of devices with and without a 60 nm thick 
PSAL are made in Fig. 5 to ensure there is an excited emission of Alq3. It is obvious that there 
is an overlap between the PL spectra of Alq3 and the emission spectra of the device without a 
PSAL. This indicates that the energy transfer occurs when the light passes through Alq3 when 
used as a PSAL. However, the weak absorbance of Alq3 with such thickness as mentioned in 
our experiment leads to a very low conversion efficiency, and the excited emission of Alq3 is 
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hardly observed in the emission spectra of a device with a 60 nm thick PSAL, as shown in Fig. 
5. 

 
Fig. 5. Comparison of the PL spectra of Alq3 and the emission spectra of an experimental 
device without and with a 60 nm thick Alq3 PSAL. Inset: Absorbance curve of 60 nm thick 
Alq3. 

Accompanying the change in wavelength, the CIEx,y of the device also shifts from (0.10 0.23) 
to (0.13 0.15) when the bias voltage is 8 V. It is better than the CIEx,y of the counterpart 
bottom-emitting device (0.16, 0.16). If we keep on increasing the thickness of the PSAL to 70 
nm, the peak of the spectra stays the same, while the full width at half-maximum is narrowed 
due to enhanced reflectance. Though it is beneficial for chromaticity of emissive light, the 
enhancement of reflectivity also impacts the luminescence of the device to a certain extent. As 
a result, the performance of a device using a PSAL with such thickness may be not as good as 
expected. 

 

Fig. 6. Comparison of the experimental reflectance and transmittance (inset) of multi-structure 
cathodes (Al/Ag) capped by PSALs of various thicknesses. 

The reflectance and transmittance changes associated with the thickness change, which is 
measured by an ultraviolet spectrophotometer, are shown in Fig. 6. It is apparent that when 
the thickness of the PSAL increases from 50 nm to 70 nm, the reflectance of the multi-
structure electrode ascends gradually in the range of 380 to 500 nm. Nevertheless, the 
reflectances of those multi-structure electrodes are still better than that of a naked Ag 
electrode in the visible area. On the other hand, the transmittance descends simultaneously as 
the reflectance increases. But they are only better than that of a naked Ag electrode in the 
range of 450 to 780 nm. According to the measured curve, it is evident that the reflectance and 
transmittance of the multi-structure electrode is not improved strongly by a 60 nm thick PSAL 
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but is improved by a 50 nm thick PSAL. If the capping layer is used as an index-matching 
layer, 50 nm thick Alq3 may be the best choice. However, our final aim is to change the phase 
shift on the reflection to obtain the best blue emission. It is very different from the purpose of 
utilization of the capping layers, which has been reported by other researchers [12,13]. 

Figure 7 shows the current efficiency- and luminance-voltage characteristics of these 
controlled devices, respectively. The nearly identical current density of top-emitting devices 
with various thicknesses of PSALs indicates that the introduction of a PSAL is independent of 
the electrical characteristic of the device (see inset of Fig. 7), and it only affects the optical 
characteristics of the device. As a result, the device with a 60 nm thick PSAL shows excellent 
performance. The luminance and efficiency of the device reaches 20 000 cd/m

2
 and 3.4 cd/A, 

respectively. Compared with a device using a 50 nm thick PSAL, the better performance is 
attributed to stronger magnification, which is related to the reflectance and transmittance of a 
semitransparent electrode in a microcavity. Additionally, the chromaticity is much better than 
that of a device using a 50 nm thick PSAL. Because of the lowest transmittance, the 
performance of a device using a 70 nm thick PSAL also is not as good as the device using a 
60 nm thick PSAL, though it has better chromaticity. In comparison with a conventional 
bottom-emitting device, both the efficiency and the brightness of a top-emitting device using a 
60 nm thick PSAL is higher. The top-emitting device using a PSAL, moreover, gives 
consideration to both efficiency and chromaticity, which is more acceptable for application.  

 

Fig. 7. Experimental current efficiency (left) and brightness (right) characteristics of the 
bottom-emitting device (BE) and top-emitting device with PSALs of various thicknesses. Inset: 
Corresponding voltage and current characteristics of devices. 

 

Fig. 8. Spectral dependence on viewing angles of device with 60 nm thick PSAL. 
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Figure 8 shows the dependence on viewing angles of the emission spectra of a controlled 
top-emitting device using a 60 nm thick PSAL. The dependence of the emission spectra is an 
important issue associated with such microcavity top-emitting devices. As the viewing angle 
changes from 0° to 60°, only a 12 nm blue shift of resonant wavelength finally occurs. 
Simultaneously, the CIEx,y changes from (0.13 0.15) to (0.14 0.09). The reason for less 
dependence on the viewing angle lies not only on the metallic reflective mirror but also on the 
bigger resonant wavelength than the intrinsic wavelength of the DPVBi [10,14]. 

6. Conclusion 

In summary, the phase shift on the reflection from a semitransparent electrode can be adjusted 
by changing the thickness of the Alq3 that is deposited onto the electrode. By simulation, it is 
found that the blue shift of the resonant wavelength caused by a change in the phase shift is 
definite with a certain cavity length. A blue top-emitting device has been acquired in our 
experiment via the proper design of the cavity length and the thickness of Alq3. Finally, the 
device using 60 nm thick Alq3 as a phase adjustment layer shows a high current efficiency of 
3.4 cd/A and a better CIEx,y of (0.13, 0.15). The brightness of the device reaches 20 000 cd/m

2
. 

The experiment results also confirm our conclusion obtained in the simulation. Such a method 
gives consideration to both efficiency and chromaticity. The results of this work will 
hopefully lead to brighter blue top-emitting devices for display applications based on 
microcavities. 
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