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Abstract 

The external electrode fluorescent lamp(EEFL) has 
recently been applied to backlight of LCD TV as a new 
light source. The dependence of the electro-optic 
characteristics of the EEFL used in direct-lit backlights 
on the glass thickness was examined in detail, and the 
ultraviolet(UV)-light efficiency was estimated. It was 
found that the lamp efficiency became larger as the glass 
thickness decreased if other conditions were the same. 

 
 

1. Introduction 
 

EEFL is one of the main light sources adopted in 
LCD backlights [1]. EEFL adopts an external 
electrode on the outer glass tube and thus is operated 
in a dielectric-barrier-discharge mode. Based on this, 
parallel driving of multiple EEFLs in terns of a single 
inverter could be realized. Although EEFL is expected 
to have many advantages such as lower power 
consumption, longer lifetime and a lower cost owing 
to the simplified backlight structure compared to the 
predominant CCFL(cold-cathode fluorescent lamp) 
backlight technology, its detailed energy balance has 
not yet been determined accurately except our 
preliminary result [2]. Electro-optic characteristics of 
EEFL backlight has been extensively studied by 
several research groups [3]. The present contribution 
reports on the dependence of the efficiency of EEFL 
on the thickness of the glass tube and thus the size of 
the discharge space.  

 
 

2. Experimental  
 

Two experimental conditions denoted as (A) and 
(B) were carried out to scrutinize the dependence of 
the luminous efficacy on the thickness of the glass 
tube. The condition of each experiment was 
summarized in Table 1.  

2.1 Experiment (A)  
The outer diameter of the examined EEFL was 3 

mm with various glass thicknesses between 0.2 and 
0.5 mm, and the total length was 743 mm, suitable for 
32” LCD backlight. The electrode length was fixed to 
be 31 mm. The gas pressure and the composition were 
35 torr and Ne:Ar with a ratio of 90:10, respectively. 
A unipolar square-wave driving voltage was used to 
ignite and maintain the glow discharge in EEFL by 
using a high-voltage power supply (PDS4000, 
FTLAB). The duty ratio and the driving frequency 
were fixed to 50% and 50 kHz, respectively. During 
the measurement, the power consumption was fixed to 
about 5.5 W, and the lamp current was approximately 
6 mA. The EEFL was connected in series to a 
standard capacitor of 3 nF of which the voltage was 
picked up to estimate the charge (Q) of the lamp. The 
power consumption was calculated from the measured 
Q-V Lissajous curve. A spectroradiometer (PR670, 
Photo Research) was used to evaluate the luminance 
and the color coordinates of each EEFL.  

 
TABLE 1. Conditions of two experiments  

Exp. Ne:Ar O.D.*

(mm)
Length 
(mm) 

Driving 
method 

(A) 90:10 3.0 743 Unipolar  
Square waves 

(B) 60:40 3.4 960 Half-ground 
Sine waves 

* O.D. = Outer Diameter 
 
2.2 Experiment (B)  
In the second experiment, a half-ground driving 

method (also called center-balance operation) was 
applied to EEFL’s by using a conventional EEFL 
inverter. The outer diameter and the length of the 
investigated EEFL’s are 3.4 mm and 960 mm, 
respectively. The thickness of the glass tube was 
changed in the range between 0.2 mm and 0.5 mm. 
The gas pressure and the composition were 35 torr 
and Ne:Ar with a ratio of 60:40, respectively. The 
electro-optic characteristics of these EEFL’s were 
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evaluated by using the lamp characteristics tester (NF-
As-128, NF Corp.) and the SR-3(Topcon) at a fixed 
electrode length of 25 mm and at a constant lamp 
current of 8 mA.  

 
 

3. Results and discussion 
 
Figure 1 shows the dependence of the luminance 

(L) on the thickness of the glass tube obtained from 
both experiments. The luminance itself is not so 
sensitive to the thickness of the glass tube, but it 
increases with the glass thickness in Exp.(B). It is 
noticed that the sine-wave half-ground driving by 
using a conventional EEFL inverter is more effective 
in obtaining high luminance level compared to the 
unipolar square-wave driving method. In the case of 
Exp.(A), the luminance is almost the same reflecting 
the similar power consumption.  
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Fig. 1. The dependence of the luminance on the 
thickness of the glass tube of both experiments.  

 
The obtained values of the luminance, the luminous 
flux (Φ ), the generated power of visible photons 
(Wvis), the power consumption (WL), and the luminous 
efficacy(ηL) of Exp.(A) are tabulated in Table 2. The 
luminous efficacy at room temperature is in the range 
of 35 ~ 41 lm/W depending on the thickness of the 
glass tube  as is shown in Fig. 2, and becomes the 
highest at the smallest thickness of 0.2 mm. However, 
it should be pointed out that these values will be 
increased by about 30 % in the backlight in which the 
cold spot temperature is much higher than at room 
temperature, as will be discussed at the end of this 
manuscript. As the temperature increase, the number 
of mercury atoms goes up resulting in the increase in 

the efficacy until the imprisonment effect becomes 
substantial [4].  

 In order to evaluate the energy balance of EEFL, 
the parameters in the following equation should be 
estimated in a systematic way [5].  

 

ηL = ηUV ηE QL Le + ηPLASMA-VIS         (1) 
 
In this equation, ηUV, ηE, QL, Le are the UV generating 
efficiency, the energy transfer ratio in the conversion 
from UV to visible photon in phosphors, the average 
quantum efficiency of tri-color phosphors and the 
lumen equivalence of the emitting spectrum, 
respectively. ηPLASMA-VIS is the luminous efficacy of the 
visible light emitted from the mercury plasma, which 
is about 2 lm/W.  

  
TABLE 2. Obtained parameters from the 
measurement (A) on EEFL’s.  

Thickness
(mm) 

L 
(cd/m2)

Φ  
(lm) 

Wvis 
(W) 

WL 
(W) 

ηL 
(lm/W) ηUV

0.2 14291 230 1.01 5.63 40.9 0.45
0.3 14105 225 0.99 5.59 40.2 0.44
0.4 14210 210 0.93 5.53 37.9 0.42
0.5 14150 190 0.85 5.43 34.9 0.39
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Fig. 2. The dependence of the efficacy and the UV 
efficiency on the thickness of the glass tube.  
 

For the evaluation of the energy transfer ratio ηE, it 
was assumed that the UV light consists of two kinds 
of photons of which the wavelengths are 254 nm and 
185 nm at the ratio of 85:15. The average wavelength 
of the UV light is denoted as UVλ . In this case, ηE is 
given by  
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where λ and P(λ) are the wavelength and the 
measured spectrum in the visible range, respectively. 
ηE was estimated to be 0.49 from this equation.  

The average quantum efficiency of tri-color 
phosphors is expressed by the following equation.  

 

L R G BQ rQ gQ bQ= + +  (3) 
 

In this equation, r, g and b are the mixing ratio of red, 
green and blue phosphors, respectively, and RQ , GQ  
and BQ  are their respective quantum efficiencies. 
Based on previous reports on the quantum efficiency 
of phosphors [6], LQ  was estimated to be 0.81 at the 
color coordinates of LCD TV, i.e., (x, y) = (0.25, 0.23).  
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Fig. 3. The emitting spectrum of EEFL, the 
photopic response curve of human eyes, and the 
product between them as a function of the 
wavelength in the visible range. 
 

The lumen equivalence Le is the lumen per watt of 
visible photons, which can be calculated by using 
Eq.(4) as follows.  
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Here, V(λ) is the normalized photopic response curve 
of human eyes, and Km is defined as 683 lm/W. Figure 

3 exhibits one example for the measured spectrum 
P(λ), V(λ) and the product between them. At the 
present color coordinates, Le = 225 lm/W. By using 
this value, the power of the generated visible photons, 
i.e., Wvis can be calculated via Wvis =Φ / Le.  

Putting these parameters and the experimental 
values of ηL together into Eq.(1), the UV efficiency 
ηUV can be calculated, and the results are shown in 
Table 2 and Fig.2. ηUV is in the range of 0.39 ~ 0.45 
indicating that about 45% of the total input power is 
transformed into the UV power in EEFL at room 
temperature. If the ambient temperature changes, the 
electro-optic characteristics of EEFL change 
according to the marked increase in the density of 
mercury atoms. Figure 4 exhibits a preliminary result 
on the temperature dependence of the efficacy of 
EEFL with a thickness of 0.2 mm at the lamp current 
of 7 mA. ηL changes by about 30 % when the 
temperature increases from room temperature to 60oC. 
Therefore, the real efficacy of EEFLs when they are 
adopted in the backlight will be in the range of 50 ~ 
60 lm/W since the actual temperature of EEFLs in the 
backlight will be close to 60oC.  
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 Fig. 4. The temperature dependence of the 
efficacy of the EEFL with a thickness of 0.2 mm at 
a lamp current of 7 mA.  
 

If this temperature effect is included, ηUV becomes 
0.61 calculated from ηL=56 lm/W. This value is still 
somewhat lower than that of the hot-cathode 
fluorescent lamps of which ηUV is known to be about 
65% [4]. The sheath voltage, i.e., cathode fall voltage, 
of typical CCFL is the order of 100 V [7], and it is 
expected that the sheath voltage of EEFL would be of 
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the same order to this value considering similar 
electro-optic characteristics between EEFL and CCFL 
[8]. Therefore, smaller ηUV for EEFL is a natural result 
due to its larger electrode loss compared to the hot-
cathode-type fluorescent lamps.  

The luminous efficacy tends to increase with 
decreasing thickness of the glass tube. If the thickness 
decreases, the voltage applied to the glass tube is 
expected to be reduced due to the increasing 
capacitance. The voltage applied across the glass plate 
VG is related to the impedance ZG of the glass tube 
under the electrode and the lamp current IL by the 
following equation.  

 

1
G G L L

G

V Z I I
Cϖ

= ⋅ =  (5) 

 
In this equation, ω and CG are the angular frequency 

of the driving voltage and the capacitance of the glass 
tube, respectively. Figure 5 displays the measured 
lamp voltage as a function of the tube thickness 
obtained from Exp.(A). As is expected, the lamp 
voltage becomes greater with the glass thickness, 
which seems to be the main origin of the larger power 
consumption upon increasing the glass thickness as 
shown in Table 1. In addition, larger glass thickness 
indicates larger volume of the glass tube under the 
electrode and thus larger dielectric loss caused by the 
oscillating electric field, which may be another origin 
of the worse efficacy at larger thickness.  
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 Fig. 5. The dependence of the lamp voltage on the 
glass thickness. 
 

 
 

4. Summary 
 

The electro-optic characteristics of long EEFL’s for 

large-size backlights were examined in order to 
investigate the correlation between the lamp efficacy 
and the thickness of the glass tube. The luminance 
value became much larger when the EEFL was driven 
by using the sine waves and the half-ground method 
than by using the unipolar square waves. The 
estimated lamp efficacy and the corresponding UV 
generation efficiency are 35~41 lm/W and 0.39~0.45, 
respectively, at room temperature when the lamps are 
driven by unipolar square wave. However, these 
values will be increased by about 30% when EEFLs 
are adopted in the backlight due to the temperature 
effect, i.e., due to the increase in the density of 
mercury atoms. The UV generation efficiency tends to 
increase with decreasing glass thickness, which may 
be attributable to the smaller lamp voltage due to the 
increased capacitance as well as to the reduced 
dielectric loss in the glass tube. The detailed energy 
balance of EEFL revealed from this study may be 
used to improve the performance of EEFL backlights 
for large-size LCD TV applications. 
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