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The electroluminescence (EL) intensities of GaN-based light-emitting diodes (LEDs) are estimated 
based on their photoluminescence (PL) properties. The PL intensity obtained under open-circuit con-
ditions is divided into two parts: the PL intensity under a forward bias lower than the optical turn-on 
voltage, and the difference between the PL intensities under open-circuit conditions and under forward 
bias. The luminescence induced by photoexcitation under a constant forward bias lower than the opti-
cal turn-on voltage is primarily the PL from the excited area of the LED. In contrast the intensity dif-
ference, obtained by subtracting the PL intensity under the forward bias from that under open-circuit 
conditions, contains the EL induced by the photocarriers generated during photoexcitation. In addition, 
a reverse photocurrent is generated during photoexcitation under constant forward bias across the LED, 
and can be correlated with the PL-intensity difference. The relationship between the photocurrent and 
PL-intensity difference matches well the relationship between the injection current and EL intensity of 
LEDs. The ratio between the photocurrent generated under a bias and the short-circuit current is related 
to the ratio between the PL-intensity difference and the PL intensity under open-circuit conditions. A 
relational expression consisting of the ratios, short-circuit current, and PL under open-circuit conditions 
is proposed to estimate the EL intensity.
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I. INTRODUCTION

Light-emitting diodes (LEDs) have attracted consider-
able interest because of their wide range of applications, 
from general lighting to high-resolution displays [1–3]. For 
the inspection of LED wafers, photoluminescence (PL) 
measurements under photoexcitation have been an essential 
method in industry. Although PL measurements provide 
considerable information about optical properties [4], the 
characteristics of LED chips have been examined using 
chip probers by probing the chip electrodes to evaluate 

performance under electrical excitation which matches the 
LED operating conditions. In some cases, however, evalu-
ation by direct probing of chips (especially micro-LED 
chips) is difficult, because the electrodes are minuscule, 
the chips numerous, and the wafers fragile. In view of the 
foregoing, interest in devising a noncontact evaluation tech-
nique has been stimulated. In this regard, an optical method 
has been identified as a potential alternative. The feasibil-
ity of using PL to evaluate the optoelectronic properties of 
LEDs at the chip or wafer level has been investigated for 
decades [5, 6]. One of the critical issues has been whether 
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electrical properties can be estimated based on PL proper-
ties. Although research on the correlation between electrical 
leakage and PL properties has been performed [7], there is 
still a demand for correlation between the electrolumines-
cence (EL) and PL of LEDs. 

Studies of the relationship between the PL and EL of 
LED chips or wafers based on analyses of peak positions, 
half width, intensity, and efficiency have been performed 
[8–15]. Masui et al. presented the agreement of intensity 
between the PL initiated by photoexcitation and the EL at 
the reverse saturation current under a particular excitation 
power; subsequently, they attempted to correlate the optical 
excitation with electrical excitation [8]. Quitsch et al. pre-
sented the correlations between photocurrent, PL, and EL 
efficiencies in low-injection regions; they found a strong 
relationship between photocurrent and PL efficiencies [13]. 
From the PL measurements of LED chips, Schubert et al. 
found that EL can be induced by photoexcitation when the 
open-circuit voltage VOC of the LED chip under the excita-
tion exceeded the optical turn-on voltage [15]; however, 
this has not been investigated further. 

This paper presents experimental results showing that 
the PL intensity under an open-circuit condition contains 
EL components, which can be separated by subtracting the 
PL part, based on PL measurement under a forward bias 
near the optical turn-on voltage. The relationship between 
the EL parts and photocurrent measured during photoex-
citation under bias can provide information about the EL 
properties of LEDs. An expression to estimate EL intensity 
is proposed, using the relationship derived from PL mea-
surements.

II. EXPERIMENT

Gallium-nitride-based blue LED chips of 1200 × 700 
μm2 in size were fabricated using a commercial epi-wafer 

with multi-quantum-well active regions grown on a sap-
phire substrate. LED chips with different voltage–current 
(V–I) characteristics were selected and tested to obtain the 
PL, EL, and photovoltaic properties using a micro-PL setup 
equipped with probe positioners. A schematic of the setup 
has been presented elsewhere [7]. The excitation power 
of a 400 nm laser was within the range of 0.01–100 mW, 
and the resonant-excitation beam with a diameter of 50 μm 
was focused near the center of the LED chip. A 10.9 mW 
excitation power was selected for comparison under fixed 
excitation conditions, because the PL efficiency was at a 
maximum and the nonradiative recombination was mini-
mized around this excitation power, for the LEDs without 
significant leakage that were investigated in this study 
[14]. During photoexcitation, the PL properties and short-
circuit current ISC were measured for analyses to correlate 
luminescence with photocurrents. The PL measurements 
were performed under a forward bias slightly less than the 
optical turn-on voltage of the LEDs, as well as under open-
circuit conditions. The resultant reverse photocurrents un-
der bias and the difference between the intensities of the PL 
under the bias and PL under open-circuit conditions were 
measured. Electrical characterization was performed using 
a sourcemeter, and the luminescence spectra were obtained 
using a CCD-based spectrometer. The intensities of both 
PL and EL were measured by the photocurrent of a UV-
enhanced Si photodiode, which detects the luminescence. 

III. RESULTS AND DISCUSSIONS

3.1. EL Extracted from PL Properties
Figure 1 shows the V–I, current–optical power (I–L), and 

voltage–optical power (V–L) characteristics of five LEDs 
investigated in this study. Their optical and electrical char-
acteristics differ, and the samples can be classified into two 
groups according to their levels of forward leakage current, 

(a) (b) (c)

FIG. 1. Electrical and optical properties of the tested LEDs: (a) Voltage–current (V–I), (b) current–optical power (I–L), and (c) 
voltage–optical power (V–L) characteristics.
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as listed in Table 1. Two LEDs with minimal leakage (R 
group) and three LEDs with considerable forward leakage 
(L group) are shown in Fig. 1(a). It is observed that EL ap-
pears at different current levels due to the different leakages 
of the LEDs, as shown in Fig. 1(b). The turn-on voltages 
(slightly higher than 2.2 V) are similar for the LEDs, ex-
cept for those with large leakages, as shown in Fig. 1(c). 
The PL properties and luminescence images of the LEDs 
are shown in Fig. 2. Figure 2(a) shows PL intensity under 
open-circuit conditions (LPL

OC) with respect to the excitation 
laser power. The different leakage properties result in dif-
ferent PL properties, especially in the low-excitation range. 
The open-circuit voltages for the LEDs are in the range of 
2.387–2.484 V at 10.9 mW of excitation. The inset shows 
the luminescence images of LEDs R1 (without electrical 
leakage) and L3 (with significant leakage) at a 10.9-mW 
excitation under open-circuit conditions. Another PL mea-
surement is performed for each LED under a fixed forward 
bias of 2.2 V, which is slightly less than the optical turn-on 
voltage of the LEDs in the R group. This bias condition is 
selected to prevent the possible generation of EL by recom-
bination of photocarriers, because EL can appear during 
photoexcitation when the open-circuit voltage exceeds the 

optical turn-on voltage [15]. Accordingly, Fig. 2(b) shows 
the PL properties of a limited photoexcited area; there is no 
significant difference in PL-intensity variation with excita-
tion power for the LEDs, except for slightly lower intensi-
ties in those with considerable leakage. The descriptions 
can be supported by the images in the inset, showing the PL 
images of LEDs R1 and L3 at 10.9 mW excitation under 2.2 
V forward bias. Figure 2(c) shows the intensity differences 
LPL

diff after subtracting the PL intensity under forward bias 
of 2.2 V (LPL

2.2V) from the LPL
OC at the given excitation pow-

er. The trend of the intensity change for LPL
diff with respect 

to excitation power resembles that in the I–L plots shown in 
Fig. 1(b). Therefore, it is expected that a correlation exists 
between the PL-intensity difference and EL induced during 
photoexcitation. Some of the important LED parameters 
measured during photoexcitation are listed in Table 1.

3.2.  Relationship between Photocurrent and EL 
Extracted from PL 

During the photoexcitation process at a fixed forward 
bias less than the optical turn-on voltage, reverse photocur-
rent also exists in addition to PL, as listed in Table 1. When 
the forward bias is 2.2 V, the reverse photocurrent is around 

TABLE 1. Measured values of LEDs tested under 10.9-mW photoexcitation

Sample PL intensity under open circuit 
conditions (LPL

OC) (arb. unit)
Current under forward bias of 
2.2 V from V–I plot (Ileak) (A)

Reverse current under  
bias of 2.2 V (Irev) (A)

Short-circuit current  
(ISC) (A)

R1 1.82 × 105 3.52 × 10−7 3.53 × 10−4 7.81 × 10−4

R2 1.75 × 105 5.24 × 10−7 3.44 × 10−4 7.63 × 10−4

L1 1.60 × 105 2.30 × 10−5 3.24 × 10−4 7.58 × 10−4

L2 1.54 × 105 8.01 × 10−5 2.70 × 10−4 7.76 × 10−4

L3 1.14 × 105 1.89 × 10−4 1.47 × 10−4 7.31 × 10−4

(a) (b) (c)

FIG. 2. PL intensity with respect to excitation power, and PL images, for the tested LEDs: (a) PL intensity under open-circuit 
conditions (inset: PL images of LEDs R1 and L3 at 10.9 mW excitation under open-circuit conditions), (b) under forward bias of 
2.2 V (inset: PL images of LEDs R1 and L3 at 10.9 mW excitation under 2.2 V forward bias), and (c) difference between the two PL 
intensities.
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0.35 mA at 10.9 mW photoexcitation for the LEDs without 
any significant leakage tested in this study. The photocur-
rent increases with excitation power under the fixed bias 
condition. The measured reverse current Irev is obtained by 
subtracting the forward leakage current Ileak from the gener-
ated photocurrent Iphoto. The relationship between Irev and 
Iphoto at a given photoexcitation can be expressed by Eq. (1):

Irev = Iphoto – Ileak. (1)

Figure 3 shows the reverse current Irev quantified during 
the PL measurement under a 2.2-V forward bias. The plot 
resembles that of LPL

diff shown in Fig. 2(c). The intensity 
reduction from LPL

OC at a bias of 2.2 V may be related to Irev 
flowing to maintain the constant bias. To compare the lumi-
nescence intensities of LEDs, however, Iphoto should be con-
sidered as the electrical-excitation level that possibly cor-
responds to the photogenerated current, regardless of any 
amount of leakage. The PL intensities obtained for the 10.9 
mW optical excitation are compared to the EL intensities 
measured for the electrical excitation at 0.35 mA, which is 
the average Iphoto value for the five LEDs under 10.9 mW 
excitation power and 2.2 V forward bias. Figure 4 shows 
the relationship between the three PL-related intensities (i.e. 
LPL

OC, LPL
2.2V, and LPL

diff) and the measured EL intensity for 
the LEDs at an injection current of 0.35 mA. The measured 
EL intensity shows an acceptable correlation with LPL

diff, but 
the correlation with LPL

OC is less satisfactory. For each LED, 
LPL

2.2V is similar and shows no correlation with EL intensity. 
The LPL

diff values exhibit a directly proportional relationship 
with EL intensity at a forward current equal to Iphoto under 
the measurement conditions, and the two intensity values 
for each LED are practically identical. 

Further evidence proving that LPL
diff may be considered 

as the EL induced by photoexcitation is the luminescence 
spectrum. Figure 5 shows luminescence spectra under vari-
ous conditions for LED R1. The sum of the PL spectrum 
under 10.9 mW photoexcitation at 2.2 V bias and the EL 
spectrum for an injection current of 0.35 mA (this amperage 
equals Iphoto measured under 10.9 mW-excitation at 2.2 V 
bias) is consistent with the spectrum obtained under open-
circuit conditions. This result indicates that the PL under 
open-circuit conditions contains luminescence contributed 

FIG. 3. Reverse current measured during photoexcitation 
under 2.2 V forward bias.

FIG. 4. Comparison of PL intensities obtained under 10.9 mW 
excitation power with EL intensities at 0.35 mA for the tested 
LEDs.

Excitation power

FIG. 5. Consistency of the PL spectrum under open-circuit 
conditions with the sum of the PL spectrum obtained under 2.2 
V bias and the EL spectrum under 0.35 mA injection current.
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by the EL process when the open-circuit voltage exceeds 
the optical turn-on voltage. Moreover, LPL

diff is consider-
ably similar to the EL intensity at a forward current equal to 
Iphoto, under the given photoexcitation and forward bias.

As it is observed that the plot of Irev shown in Fig. 3 re-
sembles that of LPL

diff in Fig. 2(c), the relationship between 
LPL

diff and Irev is analyzed. The changes in the intensity 
and current from the maximum intensity and photocur-
rent values at a given photoexcitation level, i.e. LPL

OC and 
ISC respectively, are compared. The results obtained under 
10.9 mW excitation power at 2.2 V forward bias, which are 
listed in Table 1, are employed for the comparison. In Fig. 
6, the ratio of the intensity difference to the maximum PL 
intensity LPL

OC and the ratio of the current to the maximum 
reverse current ISC are plotted. Ratios of LPL

diff to LPL
OC in the 

range 0.23–0.42 for the LEDs are plotted. The photocurrent 
Iphoto that is expected to flow under the test conditions is 
similar for the LEDs, regardless of the existence of leakage. 
The ratios of Iphoto to ISC for the tested LEDs are in the range 
0.45–0.46. For the LEDs with no leakage, the values of the 
intensity ratio and photocurrent ratio are close, whereas 
for the LEDs with electrical leakage, large discrepancies 
between the two ratios are observed. The foregoing is at-
tributed to Ileak, which is the difference between the mea-
sured Irev and generated Iphoto, as expressed in Eq. (1). After 
considering Ileak, the ratio of Irev to ISC follows that of LPL

diff 
to LPL

OC. From the results, the relationship can be expressed 
using Eq. (2): 

�������
�����

= ����
���  

  

. (2)

The above is similar to the equation used to describe the 
correlation between electrical leakage and PL-intensity re-

duction [7, 16]. The reasons for this are that the relationship 
between carrier flow and PL-intensity reduction is similar, 
and the carrier transport direction is identical. Based on the 
premise that the PL intensity under short-circuit conditions 
LPL

SC is negligible, the maximum PL intensity is assumed to 
be LPL

OC. However, because electron-blocking layers in the 
LED structures can obstruct part of the carrier flow [17], 
the LPL

SC value is occasionally sufficiently large to be in-
corporated into the equation, thus affording a more precise 
comparison. The problem is that the PL cannot be handily 
derived under short-circuit conditions by most PL measure-
ment systems, without any electrical-contact tools. There-
fore, LPL

OC is employed as the maximum PL intensity for 
the analyses conducted in this study to evaluate a probeless 
method.

Figure 7 shows the PL intensity differences LPL
diff with 

respect to the currents whose values correspond to those of 
photocurrents under various forward-bias conditions, which 
are less than 2.2 V, as well as 2.2 V bias for LED R1. The 
values are compared to the I–L curve, which shows the EL 
intensity obtained by electrical excitation. The relation-
ship between LPL

diff and the current obtained at 2.2 V bias 
is consistent with the I–L characteristic. Furthermore, the 
intensity differences obtained even at lower biases do not 
deviate greatly from the measured EL properties, for LED 
R1. The results indicate that there is an acceptable forward-
bias range for extracting LPL

diff and current levels to estimate 
the EL intensity, provided that the forward bias suppressing 
the EL is not considerably lower than the optical turn-on 
voltage. 

3.3. Estimation of EL Intensity
Equation (2) can be rewritten as follows:

FIG. 6. Comparison of ratios of PL-intensity difference to PL 
intensity under open-circuit conditions and ratios of reverse 
photocurrent to short-circuit current.

FIG. 7. Comparison of PL-intensity differences obtained 
under various bias conditions and EL intensity, for LED R1.
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������� � ����� ∙
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. (3)

As discussed in the previous sections, LPL
diff can be consid-

ered as the EL intensity at a forward injection current equal 
to Iphoto. Therefore, LPL

diff in Eq. (3) may be replaced by the 
estimated EL intensity LEL

e. Hereafter, Eq. (1) is substituted 
into Equation (3), which can then be rewritten as follows:

���� � ����� ∙ �
������
��� − �����

��� � 

  

. (4) 

The ratio of the leakage current can be calculated using Eq. 
(5), in which the PL intensity of the sample with the least 
leakage among the tested LEDs is LPL

OC,max [7]: 

 

  

. (5)

Then the estimated EL intensity is obtained as follows:

 . (6)

The ratio of Iphoto to ISC depends on the test conditions for 
the intensity difference and LED structures. Uniformity is 
necessary to obtain similar current values at a given ratio, 
to compare the estimated EL intensities of LED chips at a 
fixed current value. In this study the aforementioned ratio 
is 0.455 at 10.9 mW excitation under 2.2 V bias. For more 
precise calculation of EL intensities, it would be better if 
the photocurrent ratio or ISC were obtained from PL mea-
surements. However, it was shown that ISC can be related to 
the absorption of the excitation laser in the active layer and 

the carrier escape ratio, and other experimental techniques 
should be employed to analyze the relationship between ISC 
and the excitation power [18]. Although the actual ISC value 
is not provided by PL measurements, the comparison of EL 
intensities among the LED chips on a wafer can be imple-
mented within the range of possible current values, which 
is assumed from the excitation power, because changes in 
the photocurrent ratio or ISC simply affect the slope and in-
tercept of the linear relationship between the estimated and 
measured values. 

To verify the validity of Eq. (6), the EL intensities es-
timated for the five LEDs are compared to the measured 
EL intensities at 0.35 mA (the average Iphoto under the test 
conditions). For the estimation, the photocurrent ratio used 
was 0.455, to cause the current values to approach the value 
of Iphoto obtained at excitation of 10.9 mW under 2.2 V bias, 
and LPL

OC of LED R1 was incorporated as LPL
OC,max. The 

comparisons between LEL
e and the measured luminescence 

intensities are shown in Fig. 8. Figure 8(a) shows LEL
e with 

respect to LPL
diff under 10.9 mW photoexcitation and 2.2 V 

bias, and Fig. 8(b) shows LEL
e with respect to the measured 

EL intensity at 0.35 mA. The results exhibit an acceptable 
linear relationship, indicating that the EL intensities of the 
LEDs can be estimated and compared using the values ob-
tained from PL measurements.

IV. CONCLUSION

The relationship between PL and EL properties was in-
vestigated, based on the PL intensity measured under open-
circuit conditions and the intensity reduction due to an 
applied forward bias. It was found that the magnitude of the 
decrease in PL intensity is consistent with the EL intensity 
electrically excited by a forward injection current of the 

FIG. 8. Comparisons between estimated EL intensities and measured luminescence intensities: (a) Estimated EL intensity with 
respect to PL-intensity difference under 2.2 V bias, and (b) estimated EL intensity with respect to measured EL intensity.

(a) (b)

Excitation power: 10.9 mW Excitation power: 10.9 mW
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same magnitude as the reverse photocurrent under forward 
bias at photoexcitation. The results can be expressed us-
ing an equation showing the relationship between the ratio 
of the reverse photocurrent to the short-circuit current, the 
possible maximum photocurrent at the given photoexcita-
tion, and the ratio of the PL intensity difference to the pos-
sible maximum PL intensity corresponding to the possible 
maximum photocurrent. A method for estimating the EL 
intensity using this relationship is proposed. The results 
show that the PL measurements may be a reasonable basis 
for evaluating the EL properties of LEDs that cannot be as-
sessed via the contact-probe method. 
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