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We have investigated the effectiveness of a thin n-In0.2Ga0.8N layer inserted in the bottom n-GaN layer 

of InGaN/GaN blue light emitting diodes (LEDs) for the protection of multiple quantum wells during the 

laser lift-off process for vertical LED fabrication. The photoluminescence properties of the InGaN/GaN 

lateral LEDs are nearly identical irrespective of the existence of the n-In0.2Ga0.8N insertion layer in the 

bottom n-GaN layer. However, such an insertion is found to effectively increase the photoluminescence 

intensity of the multiple quantum well and the carrier lifetime of the vertical LEDs. These improvements 

are attributed to the reduced defect generations in the vertical LEDs during the laser lift-off process due to 

the presence of the protection layer.  
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1. INTRODUCTION 
 

The developments of GaN-based high brightness 

light emitting diodes (LEDs) have opened up the era of 

general solid-sate lightings [1, 2]. For such LEDs, high 

enough current injection and easy heat dissipation 

capabilities are needed to enable high power handling 

[3, 4]. GaN-based LEDs are usually grown on sapphire 

substrates, and the Ohmic contacts for n- and p-GaN 

are located laterally because of the existence of 

sapphire substrate. However, this lateral structure has 

limited current handling capacity and poor heat 

dissipation property [5]. To overcome such drawbacks, 

GaN-based vertical LED (VLED) structure has been 

developed. To make VLED, sapphire substrate is 

usually removed using a laser lift-off (LLO) technique 

after the LED structure is transferred to a metallic or 

Si substrate, and then n- and p-contacts are made for 

the vertical current injection [6]. Even though VLED 

exhibits a substantially improved capability to handle 

high current density [5, 6], they usually suffer from 

various problems caused by the defect formations 

during the LLO process [7, 8]. We have reported that, 

when the bottom GaN layer of the VLED is about 5 µm, 

as commonly adopted, defect formation is not confined 

to the bottom n-GaN layer but is extended even to the 

quantum well (QW) active region. We have also argued 

that the defect formation is mainly due to an athermal 

defect reaction, the so-called recombination enhanced 

defect reactions (REDRs) [8]. On the other hand, light 

output power is reported to increase with a decreasing 

n-GaN thickness in the VLEDs, the fact which might 

be attributed to the reduction of damaged n-GaN layer 

thickness [9]. 

Since the REDR process is induced by the 

absorption of photons employed during the LLO 

process, a way of improving the luminescence 

properties of the VLED would be masking the active 

region of the VLED from the laser beam. In this letter, 

we demonstrate that insertion of a thin In0.2Ga0.8N 

layer in the bottom n-GaN layer effectively reduces the 

detrimental effect of KrF laser on the QW regions and, 

in turn, improves the luminescence properties of the 

InGaN/GaN VLED. 
 

2. EXPERIMENTAL PROCEDURE 
 

The details of the growth process, structure of the 

InGaN/GaN blue LEDs, and the LLO process employed 

in this study have been described elsewhere [8]. A 

lateral blue LED (sample type A) consists of a p-

GaN/MQWs/4-µm-thick n-GaN/1-µm-thick undoped 

GaN/30-nm-thick GaN nucleation layer, from top to 

bottom, on a sapphire substrate. The structural 

parameters and growth conditions of the sample type B 

were identical with those of type A except that a 20-

nm-thick Si-doped n-In0.2Ga0.8N protection layer was 

inserted in the n-GaN layer, keeping the total 

thickness of the n-layer constant of 4 µm.  The 

thickness and In content of the protection layer were 

designed to be below the critical thickness and 

transparent to the luminescence emitted from the 

InGaN/GaN MQWs of the LEDs [10]. The thickness of 

the GaN layer below the MQW was intentionally taken 

as 5 µm since we wanted to discuss the influence of 

LLO process in a most commonly adopted InGaN/GaN 

LED structure. These LED structures were transferred 

to Cu substrates and then LLO process was performed 

employing a KrF laser with 544 mJ/cm2 fluence, which 

slightly exceeds the threshold fluence of the LLO 

process [6, 8]. Crystal quality and structural properties 

of the samples were examined by high-resolution X-ray 

diffraction (HRXRD) and high-resolution transmission 

electron microscopy (HRTEM) observations. 

Luminescence properties of the lateral and vertical 

LEDs were investigated by a conventional 
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photoluminescence (PL) system (RPM2000, Accent) 

equipped with a 266-nm Nd:YAG laser and time-

resolved photoluminescence (TRPL) measurements 

using a passively mode-locked Ti:sapphire laser 

operating at 836 nm at a repetition rate of 80 MHz. 

The femtosecond pulse was tripled to serve as the 

excitation source at a wavelength of 278 nm. 

 
3. RESULTS AND DISCUSSION 

 

Figures 1(a) and 1(b) show HRXRD spectra of the 

lateral LEDs without and with an n-In0.2Ga0.8N protec-

tion layer, respectively. It is clear that the position and 

intensity of the diffraction peaks are almost identical 

for the two samples except for a broad shoulder around 

33.9o due to an In0.2Ga0.8N protection layer in sample 

B. For both A and B samples, the highest peak at about 

34.5o is due to the GaN layer while the satellite “+1”, 

“0”, “-1”, “-2”, “-3” order peaks are due to the MQWs 

[11].  
 

 
 

 
 

Fig. 1 - HRXRD spectra of the lateral LEDs (a) without and 

(b) with the InGaN protection layer 

 

The fact that we can clearly observe these satellite 

peaks indicates that crystal and interface qualities of 

studied LEDs are good in both samples. From the X-ray 

diffraction spectrum, the In content of the InGaN 

protection layer is calculated to be 19.7% [11], which is 

close to the designed value of 20%. Cross-sectional 

HRTEM images of the LEDs also showed the existence 

of sharp interfaces in the InGaN/GaN MQWs and a 

22 nm-thick n-InGaN protection layer at about 50 nm 

below the QWs in sample B (not shown here). 

Figures 2(a) and 2(b) show room-temperature (RT) 

PL spectra of the lateral and vertical LED, respectyvly.  

 

 

 
 

Fig. 2 - Room temperature PL spectra of the LEDs with and 

without n-In0.2Ga0.8N protection layer (a) on the sapphire 

substrates and (b) on the Cu substrates after the LLO process. 

The inset in Fig. 2(b) shows magnified yellow emission regions 

 

The blue (UV) emission peak around 440(360) nm in 

Fig. 2(a) comes from the InGaN/GaN MQWs (GaN lay-

er). Slight differences in the blue PL peak position and 

intensity between sample A and B may be due to the 

variations of the homogeneity. The shoulders at about 

417 and 423 nm have been related to the various 

mechanisms such as insufficient In incorporation in 

QWs [12], reduced well width [13], and reduced strain 

or polarization [14]. In the PL spectra of the VLEDs 

[Fig. 2(b)], the ratio of integrated QW PL intensity for 

sample B to that for sample A is found to be greater 

than four, while the “yellow” emission which is related 

to the defects [15, 16] shows an opposite trend. We 

have shown that the decrease (increase) of QW (yellow) 

emission is mainly due to the increase of defects in the 

QWs (n-GaN layer) generated most likely by the 

REDRs induced by the absorption of 5 eV KrF photons 

during the LLO process [8]. Therefore, these 

improvements in the VLEDs through the adoption of 

the protection layer are clearly attributed to the 

reduced propagation of KrF photons into the MQWs 

and the n-GaN layers. The number of KrF photons 

arriving at the first QW (counted from the sapphire 
substrate side) is calculated to be ~1.5 · 1016 cm-2 when 

the protection layer is absent [8].  The number of KrF 

photons arriving at the MQWs due to the insertion of 

the 20 nm-thick In0.2Ga0.8N protection layer is 

estimated by calculating the reflection and 

transmission of an electromagnetic wave in the 

GaN/In0.2Ga0.8N/GaN layer system as a function of the 
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In0.2Ga0.8N thickness.  In this calculation, refractive 

indices of the GaN and In0.2Ga0.8N measured by an 

ellipsometry technique at the wavelength of 248 nm 

(nGaN = 2.46 + 0.33i and nInGaN = 1.47 + 0.68i) are used. 

Fabry-Perot interference was not observed in the 

simulation due to the high loss of GaN, and a 20-nm-

thick In0.2Ga0.8N layer showed about 54% transmission. 

This reduction of photon number arriving at the MQWs 

significantly decreases the defect generation by the 

REDRs in the MQWs and, in turn, improves the 

luminescence properties of the InGaN/GaN VLED. 

Figures 3(a) and 3(b) show cross-sectional HRTEM 

images of MQW regions in the VLEDs for the samples 

A and B, respectively. It can be seen that the VLED 

fabricated without the protection layer (A) reveals 

intermixed QW regions, while the VLED fabricated 

with the protection layer (B) shows well-defined 

sharper interfaces. Therefore, the observed severe 

degradation of the MQW luminescence from the VLED 

without the protection layer [Fig. 2(b)] should be 

attributed to the micro-defects generated during the 

QW intermixing by REDRs. Note that PL spectra of the 

VLEDs in Fig. 2(b) show well separated high and low 

energy components in the QW emissions, and the high 

energy emission peak is dominant especially in the 

spectrum of VLED without the protection layer. It is 

also interesting to note that the QW emissions of the 

fabricated VLEDs in Fig. 2(b) show a slight blue-shift 

compared to those of the lateral LEDs in Fig. 2(a).  
 

 
 

Fig. 3 - Cross-sectional HRTEM images of the sample (a) A 

(without protection layer) and (b) B (with protection layer) 

after the LLO process. QW intermixing is more apparent in 

sample A (as can be seen in the circle-marked region) 
 

Such dominancy of high energy component and 

blue-shift of the QW emissions in the VLEDs should be 

attributed to the QW intermixing. Note that this 

argument means that QWs may be intermixed to a 

certain extent even with the KrF photon flux of 
~5 · 1015cm-2. This phenomenon may be explained by 

the fact that absorption of one KrF photon will induce 

about 102 phonon generations, in addition to REDRs, 

and, in turn, the REDRs process might be facilitated by 

such atomic vibrations as we have discussed in our 

previous report [8]. 

A more direct evidence of the fact that the defect 

generation during the QW intermixing process is the 

main cause of the degradation of the MQW emission in 

the VLED is sought by measuring the carrier lifetimes 

in the VLEDs. Figure 4 shows the RT TRPL spectra of 

the LEDs with and without the protection layer before 

and after the LLO process, respectively. One sees that  

 
 

Fig. 4 - Room temperature time-resolved PL spectra for the 

QW emissions of samples A and B before (LLED) and after 

(VLED) the LLO process. The white curves in the TRPL 

spectra of the LLO-processed samples are the fitted curves 
 

the RT PL decay times of the lateral LEDs, which are 

about 5~6 ns and well consistent with the one reported 

in the literature [17], are much longer than those of the 

vertical LEDs. The measured decay time τM is related 

to the radiative decay time τR and nonradiative decay 

time τNR as 1/τM = 1/τR + 1/τNR. This indicates that 

nonradiative defects are generated in the QWs through 

the LLO process even in the VLED with the protection 

layer.  The decay kinetics of the VLED without the 

protection layer could be fitted well only with the three 

decay constants, while the VLED with the protection 

layer was fitted well with two decay constants model. 

Thus more complex defects, perhaps dislocation loops 

[8], are believed to be created in the VLED without the 

protection layer, as the number of KrF photons 

impinging to the MQWs is larger in the VLED without 

the protection layer.  

It is evident that the adoption of a thin InGaN 

protection layer apparently improves the optical 

properties of the MQWs in the InGaN/GaN VLEDs. 

From a study on the dependence of protection efficiency 

on the In composition and thickness of the protection 

layer (not shown here), we found that protection 

efficiency generally increases as In content and 

thickness are increased up to certain critical values. In 

this respect, further study is needed to design an 

optimum protection structure which may completely 

block the propagation of KrF  

photons into the MQWs and result in highly enhanced 

emission efficiency. 
 

4. CONCLUSION 
 

In summary, we have performed the PL and TRPL 

experiments and HRTEM observations to investigate 

the effectiveness of a 20-nm-thick In0.2Ga0.8N layer 

which is designed to protect the MQWs of the 

InGaN/GaN LEDs during the LLO process. All the 

optical experimental results show that the 

luminescence properties of the MQWs in the VLEDs 

with the protection layer are much better than those of 

the VLEDs without the protection layer. HRTEM 
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observations reveal that this improvement of 

luminescence properties is based on the reduction of 

the QW intermixing, which is believed to be induced by 

REDR, through the decrease of transmitted KrF 

photons to the MQWs. 
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