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Nowadays, ultraviolet light emitting diodes (UVLEDs) have aroused great interest in past few years for their
promising application in adhesive curing, security identification and solid-state lighting etc. In gallium nitride
(GaN) based LEDs, the patterned substrates and vertical devices’ structure both played pivotal roles in elevating
devices’ performance. In this work, vertical near-UV-LEDs (405 nm) on different layers of carbon nanotube
(CNT) patterns were fabricated by laser lift off (LLO), compared with the conventional lateral counterparts. The
LLO threshold energy was reduced by CNTs layers. Although conventional lateral LEDs (LLEDs) exhibited highest
external quantum efficiency (EQE) on 2CNTs pattern, the EQE of 3CNTs vertical LEDs (VLEDs) surpassed after
LLO. The intrinsic physics mechanism, including: internal quantum efficiency (IQE), light extraction efficiency
(LEE), Shockley-Read-Hall (SRH) recombination, radiative recombination and Auger effects, were analyzed by
‘ABC model’, Raman spectrum, X-ray Diffraction (XRD) and temperature dependence photoluminescence

(TDPL).

1. Introduction

The nitride semiconductor has been extensively developed in last few
decades for its outstanding optical and electrical properties, such as:
adjustable band gap, excellent chemical stability and high electron
mobility [1]. Besides market-dominating visible LEDs, ultraviolet light
emitting diodes (UV-LED) attracted more and more attention in last five
years, especially during nowadays’ COVID19 period [ [2,3]]. According
to the emitting wavelength, the UV-LED is divided into three categories:
UVA (320-400 nm), UVB (280-320 nm) and UVC (100-280 nm) [4].
The near-UV(NUV) and UVA-LEDs were usually applied in adhesive
curing [5], security identification [6,7] and sterilization [8] etc.
Although NUV-LEDs have been developed in last few years [9], the
power of NUV-LEDs cannot yet satisfy people’s requirement. Mean-
while, the vertical structure, flip-chip structure and patterned sapphire
have been widely used in high power LED devices [10,11]. In 2019, S.J.
Zhou.etc demonstrated that the crystalline quality and optical and
electrical properties of 365 nm UV LEDs were improved through
isoelectronic Al doping [12]. In 2020, H. Hu. etc had fabricated high
crystalline quality InGaN/AlGaN multiple quantum structures on
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patterned sapphire with silica array and UVLEDs with higher external
quantum efficiency [13]. In 2017, S.J.Zhou.etc improved the light
extraction efficiency and current spreading of FCLED by incorporating a
highly reflective metallic reflector made by silver [14,15].

Our previous research has proved that CNT pattern can substantially
improve the LEDs’ efficiency by enhancing crystalline quality and light
extraction efficiency and also reduce the threshold of laser lift off (LLO)
during VLED fabrication [16,17]. In this work, lateral and vertical NUV
LEDs on different layers (2,3,5,0) of CNTs patterns were fabricated. The
effects of CNTs on LLO and NUV vertical LEDs’ performances were
analyzed. ‘ABC’ model, Raman Spectra, X-ray Diffraction (XRD) and
temperature dependence photoluminescence (TDPL) were utilized in
analyzing the SRH, radiative recombination, Auger effects and light
extraction efficiency in these VLEDs [18].

2. Experiments
Carbon nanotube patterned sapphire substrate (CPSS): carbon

nanotube arrays were grown on 4-inch silicon substrate by low pressure
chemical vapor deposition. Then CNT arrays were then dry spun from
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Fig. 1. (a) Structure of lateral LED and (b) vertical LED; (c) NUV EL spectra of typical LED (d) bubbles at the interface generated by LLO (e) effect of CNTs layer

number to the threshold of LLO.

the CNT films, and coated onto 2inch sapphire to form CPSS. After
patterned, CPSS with different layers of CNTs was dipped into ethanol
and finally dried in air at room temperature [16,17]. The Nomaski and
SEM image of CPSS was shown in Fig.S.1.

LED epitaxy and fabrication: The NUV LED wafers were grown on
CPSS with 2,3,5and OCNT patterns by metal-organic vapor phase
epitaxy (MOVPE), consisting of 2 pm undoped GaN, 2 pm n-doped GaN,
10 periods of Ing gsGag.9sN/GaN multi quantum wells (MQWs), 200 nm
p-GaN, and Indium Tin Oxide (ITO) capping transparent conductor [19].
The lateral LED (LLED) was fabricated by conventional processes,
including: mesa definition, etching and electrodes’ deposition. Cr/Au
was used as n- and p-electrodes. As for vertical LED (VLED), after
depositing Cr/Au layer on ITO surface, the 200 pm Cu was electroplated
as supporting substrate, anode contact and heat sinker. Then, pulsed
high power KrF (Coherent Inc., 248 nm, 25ns pulse width and 1Hz
frequency) excimer laser was used to irradiate the interface between
GaN buffer and sapphire to laser lift off the insulating sapphire. After
peeling off the sapphire substrate, the undoped GaN layer was polished
and smoothed by chemical mechanism polishing, exposing n-type GaN.
Finally, cathode metal was deposited onto the polished top n-GaN sur-
face. The sizes of LEDs were all 300x300 pm?. The structure of LLED and
VLED are shown in Fig. 1a and b.

Characterization: The wafer crystal was characterized by single
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crystal X-Ray Diffractometer (X Pert Pro, PANalytical) with Cu Kal
0.154 nm. Raman spectrum was recorded by Confocal Raman spectral
Imaging System (WITec alpha 300RA, WItec, German) with 420 nm
excitation, 0.5 nm resolution. Temperature dependent PL was measured
by Andor SR500i monochromatic and CCD with Optistat-Dry cryogen
system (4K-300K BL4, Oxford Instruments).

3. Results and discussion

It was worth noting that during LLO, CNTs layer number influenced
the LLO threshold significantly. Particularly, CNT could reduce the laser
threshold because of its high absorption coefficient, low specific heat
and superior thermal conductance [16]. In LLO, laser irradiated onto the
interface. High temperature (>800 °C) decomposed the GaN:

248nm laser
=

GaN(s) Ga(s) + %Nz(g)T

Some ‘bubbles’ appeared at interface during the decomposition, as
shown in Fig. 1d. The sapphire could be peeled off by increasing the
laser energy to threshold when ‘bubble’ ratio approaching 100%. In this
work, we found that the thresholds of LLO were 26 mJ, 23 mJ, 20.7 mJ
and 20.7 mJ when CNT layer were 0, 2, 3 and 5. The LLO threshold was
reduced by CNTs layers, and saturated at 3CNTs. The lower LLO
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Fig. 2. (a) P-I curve of LLEDs and (b) VLEDs on various CNT layers.
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Fig. 3. (a) the EQE of LLEDs; and (b) VLEDs by ‘ABC’ fitting.

threshold brought less degradation to wafer crystal during LLO and
enhanced VLEDs’ performance. In the fabrication of VLEDs, the corre-
sponding LLO thresholds (26 mJ@OCNT-LED; 23 mJ@2CNTs-LED;
20.7mJ@3CNTs-LED and 5CNTs-LED) were applied to peel off sapphire
in respective wafer to minimize the degradation by LLO.

Typical electroluminescent (EL) spectrum of 2CNTs-VLED was
shown in Fig. lc. The EL spectrum confirmed the NUV emission of
400-405 nm. The output optical power (P-I curves) of all LEDs were also
characterized (Fig. 2a and b). The P-I curves show that the LLED with
2CNTs layer pattern (named as: 2CNTs-LLED) exhibited the highest light
output power. The output power of 5CNTs-LLED was the lowest among
these lateral devices. All the LLEDs exhibited saturate and quenching EL
power by increasing injection current. Similar ranking of EL output
power was also observed in 450 nm blue LEDs on different CNT layers,
as reported in our previous paper [20]. Although the output power of
VLEDs exhibited similar saturation behavior with LLEDs, however, other
than 2CNTs-VLED, 3CNTs-VLED showed highest output power.
5CNTs-VLED and OCNT-VLED exhibited nearly same inferior output
power.

The external quantum efficiency (EQE) could be deduced by P-I
curves by equation:

P/hw
NeQe = I/—q

Where P, iiw, 1, q represented the output power, photon energy, current
and electron charge, respectively [21]. The EQEs of LLEDs and VLEDs
were shown in Fig. 3a and b, where the 2CNTs-LLED exhibited highest
EQE. In our previous research, the CNTs pattern played as a nano mask
in GaN epitaxy to reduce the dislocation density [16-20]. Whereas,
5CNTs-LLED shows the lowest EQE because that the too dense CNT
induced inferior crystalline quality [20]. After LLO, the 3CNTs-VLEDs
surpassed the 2CNTs-VLED, exhibiting the highest EQE. Compared
with LLEDs, only EQE of 2CNTs-VLED decreases after LLO, while other
devices showed higher (3CNTs-LED) or comparative (OCNTs- and
5CNTs-LEDs) EQE.

The External Quantum Efficiency (7zqz) depends on Internal Quan-
tum Efficiency (1o5) and Light Extraction Efficiency (7;gg):

Meqe = Mee X NLEg

To further analyze the effect of LLO on VLEDs, ‘ABC model’ was
introduced to investigate the carriers’ recombination in quantum wells
[22]. In ‘ABC model’, the carriers recombination rate R is expressed as
[23,24]:

R=An+Bn* +Cn’ +£(n)

where n represents the carriers’ density; An represents SRH non-
radiative recombination, which is related with crystalline quality and
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Fig. 5. (a) The radiative coefficient B of LEDs; (b) the SRH coefficient A of LEDs; (c) the auger coefficient C of LEDs; (d) stress deduced by Raman spectra of LEDs; (e)
XRD results of wafers before and after LLO; (f) reverse leakage current calculated by I-V curves.

defect density; Bn? corresponds to radiative recombination, which is
proportional to matrix transition element of exciton dipole (see Sup-
plementary information); the parameter C is Auger coefficient; f(n)
represents leakage current [25]. By introducing the ‘ABC model’, #;o
and 7z of our devices could be calculated (Fig.4a and c). In both LLEDs
and VLEDs, the 3CNTs-LEDs always showed highest IQE, while the
5CNTs-LEDs always exhibited the lowest IQE. After LLO, the IQE of
2CNTs-,3CNTs-, and OCNT-VLEDs decreased since the degradation by
high laser energy irradiation. However, the IQE of 5CNTs-VLED in-
creases slightly, which may be ascribed with two reasons: 1. the initially
poor crystalline quality of 5CNTs-LLED (proved by the lowest IQE) and
thermal annealing effect induced by LLO; 2. relatively low LLO laser
threshold in 5CNTs-LED (the lowest 20.7 mJ). 1.

Our IQE fitting results were also confirmed by TDPL (Fig. 4). Typical
TDPL of 2CNTs-LED was shown in Fig. 4b. The IQE in TDPL was
calculated by Ref. [26]:

PL Intensity ( 300K )
PL Intensity ( 3.4k )

Mee =

The maximum IQEs of LED wafers from TDPL were 55.1% of 2CNTs-
LED, 74.3% of 3CNTs-LED, 40.4% of 5CNTs-LED and 26.6% of OCNT-
LED. The 3CNTs-LED appeared the highest IQE, consistent with the
‘ABC model’.

The LEEs of the LLEDs were deduced to be 75.67% of 2CNTs-LED,
34.53% of 3CNTs-LED, 32.00% of 5CNTs-LED and 44.16% of OCNT-
LED respectively. The LEE was highest in 2CNTs-LLED and decreased
by increasing CNT layers number, because that too dense CNTs also
absorbed light. Two layers of CNTs were the optimized CNT layers
number to balance the photon absorption and light scattering [20].
However, the absorption of CNTs was eliminated after LLO, which lead
to the similar LEE in VLEDs (51.34%, 54.51%, 43.64%, 46.40% in 2,3,5,
0 CNTs-VLEDs respectively). Thus, considering the enhancement of LEE
after LLO and higher IQE, the EQE of 3CNTs-VLED exceeded that of
2CNTs-VLED.

To further decode IQE evolution, A, B, C coefficients were derived. In
‘ABC’ model, coefficient B gives the radiative recombination of active
structure with perfect crystal. The radiative coefficient B is only affected
by polarization electric fields in InGaN/GaN MQWs structure. The po-
larization fields could be deduced by EL peaks’ shift (see supplementary
information). Therefore, the coefficients B could be acquired according
to the peak wavelength-current curve (Fig.S.2). The coefficients B of
LLEDs were calculated to be 5.39 x 10~12cm3s~! of 2CNTs-LLED, 6.04 x
10" e¢m3s~1 of 3CNTs-LLED, 7.10 x 10 1 em3s~! of 5CNTs-LLED, and

9.85 x 10~ cm3s~! of OCNT-LLED, respectively. Higher radiative

coefficient B was ascribed with the lower QCSE effect in active MQWs.
After LLO, the parameters B of VLEDs were changed to 3.01 x
10~ 'ecm3s~! of 2CNTs-VLED, 7.92 x 10-'¢cm3s~! of 3CNTs-VLED,
9.10 x 10~ cm3s~of 5CNTs-VLED and 9.77 x 10~ ''ecm3s~! of OCNT-
VLED respectively (Fig. 5a). Compared with LLEDs, the coefficients B
of 2CNTs-, 3CNTs- and 5CNTs-VLEDs increased, while the OCNT-VLED
remained nearly unchanged. The increasing of coefficient B attributed
to the stress release in InGaN/GaN MQWs active layers by LLO. After
LLO, the strain caused by the lattice and thermal mismatch between
sapphire and GaN decreased since the elimination of sapphire substrate,
leading to higher electron-hole overlap and exciton binding energy in
quantum wells. Raman spectra of EY peak shift also confirmed the strain
decreasing in the LEDs (Fig. 5d).

The SRH recombination coefficients A of LLEDs and VLEDs were also
calculated (Fig. 5b). For the LLEDs, the SRH coefficients A were 4.03 x
108s~! of 2CNTs-LLED, 1.63 x 10°s~! of 3CNTs-LLED, 1.31 x 10'%~! of
5CNTs-LLED and 7.34 x 10%s~! of OCNT-LLED respectively. The coeffi-
cient A depends on the densities of non-radiative centers, including:
dislocations and point defects [18]. The relatively smaller A in 2CNT-
and 3CNT-LLEDs compared with OCNT-LLED originated from the
reduction of dislocation, especially edge dislocation [17]. In our previ-
ous reports, the CNTs patterns played as nano mask in GaN’s epitaxy.
Edge dislocation bended around the CNT to annihilate with each other,
which lead to better crystalline quality in 2CNTs- and 3CNTs- LLEDs.
However, too dense CNT layers (5CNTs) were detrimental to the crystal
since the excessive rough pattern, inducing the worst A in 5CNTs-LLED
[20]. After LLO, the coefficients A of VLEDs were changed to 1.01 x
10°s~! of 2CNTs-VLED, 1.77 x 10%s~! of 3CNTs-VLED, 1.11 x 10191
of 5CNTs-VLED and 7.45 x 10°s~! of OCNT-VLED, respectively. The
coefficients A of 2CNTs-, 3CNTs-, and OCNTs-VLEDs increased after LLO,
which was attributed to the crystalline degradation by LLO, explaining
the decrease of IQE. The coefficient A in 5CNTs-VLED was lower than
5CNTs-LLED, which was in line with the IQE increase in 5CNTs-VLED.
With poor crystalline quality, the 5CNTs-LED was thermal annealed
by the high energy laser, improving the crystalline quality. In our pre-
vious work, the GaN/CPSS interfacial temperature was simulated by
FDTD [16]. It was found that CNT with low specific heat, high thermal
conductivity and absorption induced higher interfacial temperature.
Therefore, high density CNT of 5 layers could increase the GaN tem-
perature. The phenomena were also confirmed by the XRD data
(Fig. 5e), in which the full-width at half maximum (FWHM) values of
2CNTs-, 3CNTs- and OCNT-LEDs deteriorated while the one of
5CNTs-LED was improved by LLO.

Finally, the Auger coefficient C was also acquired. The coefficients C
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Table 1

Comparative parameters between LLEDs and VLEDs before and after LLO.

Journal of Luminescence 234 (2021) 117938

Before - after LLO A (x10°sh) B (x10? ecm®s!) C (x10%2 cm® s1) maximum IQE LEE maximum EQE
2CNTs-LED 0.403-1.01 5.39-30.1 5.97-86.1 35.48%-33.77% 75.7%-51.3% 26.9%-17.3%
®
3CNTs-LED 1.63-1.77 60.4-79.2 125-247 40.12%-37.50% 34.5%-54.5% 13.9%-20.4%
@ (©)
5CNTs-LED 13.1-11.1 71-91 331-517 14.53%-15.97% 32%-43.6% 4.7%-7.0%
OCNTs-LED 7.34-7.45 98.5-97.7 529-813 20.00%-16.67% 44.2%-46.4% 8.8%-7.7%
Conclusions:

: The defect density was reduced in 5CNTs-LED by LLO.
®: 3CNTs-LED had best IQE.
@®: Light extraction efficiency was enhanced by LLO in 3CNTs-LED.
@: The EQE of 3CNTs-VLED surpassed 2CNTs-LLED after LLO.

of LLEDs with 2,3,5 and OCNT were 5.97 x 10-32cm®s~!, 1.25x
1073%cmbs71, 3.31 x 1079¢m®s~! and 5.29 x 1073°cm®s~!, compared
with the 8.61 x 10731em®s1, 2.47 x 10730cm®s~1, 5.17x 10730cm®s1
and 8.13 x 1073%cm®s~! of the counterparts of VLEDs (Fig. 5c). The
Auger coefficient C mainly depended on the density of carrier in active
regions [27,28]. No matter LLEDs or VLEDs, coefficients C of 2CNTs- and
3CNTs-LEDs were less than 5CNTs- and OCNT-LEDs. The lower coeffi-
cient A and C explained why IQEs of 2CNTs- and 3CNTs-LEDs were
higher than 5CNTs- and OCNT-LEDs. The coefficients C of all devices
increased after LLO, which originated from the enhancement of effective
injected carrier density. Fig. 5f shows that the reverse leakage currents
of VLEDs were lower than the LLEDs. It means that LLO reduced the
leakage current path, so the carrier densities in VLEDs> MQWSs were
elevated, increasing Auger effect. The improvement of leakage current
in VLEDs were ascribed with two factors: a) the switching geometry
from lateral to vertical LEDs: in LLEDs, currents were crowd at the edge
of n-type etched down regions; while in VLEDs, currents uniformly
distributed; b) the relaxation of QCSE effect in wells: due to LLO, stress
in InGaN well was relaxed. The band diagram got flat, the constriction of
carriers was enhanced and the leakage current was lowered.

4. Conclusion

In summary, vertical NUV-LEDs on different layers of CNT patterns
were fabricated. The LLO threshold was reduced by the CNTs pattern.
After LLO, the A, B, C, IQEs, LEEs and EQEs were changed, as shown in
Table 1:

Several conclusions could be derived:

1. Since the poor initial crystal in 5CNTs-LLED, the crystalline quality
was improved by the LLO thermal annealing effect.

2. 3CNTs-LED always had best IQE efficiency.

3. Light extraction efficiency was equalized by LLO since the elimina-
tion of CNTs.

4. The EQE performance in 3CNTs-VLED surpassed the one in 2CNTs-
VLED, since the improvement of LEE and intrinsic high IQE.

We believed that our results will benefit the application of CNTs
pattern into the high-power UV-VLEDs.
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