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SPECIAL TOPIC — Physics in micro-LED and quantum dots devices
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A low hole injection efficiency for InGaN/GaN micro-light-emitting diodes (ULEDs) has become one of the main
bottlenecks affecting the improvement of the external quantum efficiency (EQE) and the optical power. In this work, we
propose and fabricate a polarization mismatched p-GaN/p-Alg »5Gag 75N/p-GaN structure for 445 nm GaN-based pLEDs
with the size of 40 x 40 pum?, which serves as the hole injection layer. The polarization-induced electric field in the
p-GaN/p-Aly 25Gag 75N/p-GaN structure provides holes with more energy and can facilitate the non-equilibrium holes
to transport into the active region for radiative recombination. Meanwhile, a secondary etched mesa for uLEDs is also
designed, which can effectively keep the holes apart from the defected region of the mesa sidewalls, and the surface
nonradiative recombination can be suppressed. Therefore, the proposed pLED with the secondary etched mesa and the
p-GaN/p-Aly 25Gag 75N/p-GaN structure has the enhanced EQE and the improved optical power density when compared

with the uLED without such designs.
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1. Introduction

When compared with organic light-emitting diodes
(LEDs), II-nitride based LEDs have advantages of low power
consumption, long operation life-time, high luminous effi-
ciency, quick response, etc.!!'=3] Meanwhile, improved light
extraction efficiency (LEE), better current spreading and en-
hanced heat dissipation can be further achieved by reducing
the LED chip size, modifying the inclined sidewall angle and
so on.[*1 Thus, the micro-light emitting diodes (WLEDs)
are considered as promising candidates in applications of im-
plantable optoelectronic equipment, display, optical commu-
nication, biomedical detection, etc.[”l However, as the size
of the LED chip becomes smaller, the external quantum effi-
ciency (EQE) and the optical power decrease significantly, 3]
which is due to the sidewall damages on the mesa. These
surface damages are caused by the plasma-assisted dry etch-
ing process. They form carrier leakage channels and produce
nonradiative recombination.!!%!!! Tn order to reduce the in-
fluence of the defected region on the optoelectronic proper-
ties for GaN-based uLEDs, the surface and sidewall defects
for uLEDs can be repaired by optimizing the chip fabrication
process. For example, the defects on mesa sidewalls can be

fCorresponding author. E-mail: cs.chu@hebut.edu.cn
#Corresponding author. E-mail: zh.zhang@hebut.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac9b35

reduced by optimizing the annealing time and using chemi-

[12.13] Moreover, an insulation passivation layer,

cal treatment.
e.g., Si0; deposited by plasma-enhanced chemical vapor de-
position (PECVD) or atomic layer deposition (ALD) systems,
can also annihilate surface defects for uLEDs.!'*13] Accord-
ing to our recent report, a resistive ITO/p-GaN junction at the
mesa edge for GaN-based uLEDs can function as a current
blocking layer, and as a result, the holes can be kept apart from
the mesa edge.!'®! The current leakage and the surface recom-
bination can be further decreased if one can both make a more
resistive junction and generate the energy barriers simultane-
ously at the mesa periphery. For that goal, our group proposed
an ITO/Ta;Os/p-GaN periphery junction at the pLED mesa
edge.!'7] The most significant advantage of this design is that
the large relative dielectric constant of 26 for the Ta;Os layer
can generate energy barriers in the p-GaN layer, and this helps
to confine the holes in the central region for the uLED mesa.
According to the report by Kou et al.,!'%1 the hole injection
can be promoted when the surface recombination can be sig-
nificantly suppressed. Nevertheless, there is little possibility
of completely eliminating the hole diffusion to the mesa edge.
Hence, it becomes increasingly important that the hole injec-
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tion efficiency shall be enhanced for GaN-based puLEDs.

In this work, we design and fabricate a GaN-
based uLED with a p-GaN/p-Alg 25Gag 75sN/p-GaN structure.
Such p-GaN/p-Aly25Gag75N/p-GaN structure can generate
polarization-induced electric field that can help to make “hot”
holes. In addition, a secondary etched mesa is also fabricated
and passivated by using SiO; insulating layer. By doing so, the
current can be effectively confined in the non-defected area,
which suppresses the nonradiative recombination in the mesa
edge. As a result, the hole injection can be improved while the
surface nonradiative recombination can be decreased. This in
turn improves the EQE and reduces the leakage current for the
proposed LLED.

2. Structure design and parameters

In order to show the effectiveness of the proposed GaN-
based pLED on the improvement for the optoelectronic char-
acteristics, the epitaxial wafers for GaN-based ULEDs are
grown on [0001]-oriented sapphire substrate by using metal-
organic chemical vapor deposition (MOCVD) system. Both
uLED wafers have a 2 um thick GaN layer with the elec-
After that, 5 pairs
of Ing 15Gag gsN/GaN multiple quantum wells (MQWs) are

tron concentration of 5 x 10'® ¢cm™3.

grown to produce the peak emission wavelength of ~ 450 nm.
The thicknesses of the quantum wells and the quantum bar-
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riers are ~ 3 nm and ~ 12 nm, respectively. Then, a 25 nm
thick p-Algo5Gag 75N electron blocking layer (p-EBL) with
the hole concentration of 3 x 10'7 cm~3 is utilized to reduce
the electron leakage from MQWs. Next, an 80 nm thick p-
GaN layer and a 10 nm thick p™-GaN layer serve as the hole
injection layer for the reference tLED wafer, for which the

-3 and

hole concentrations are estimated to be 3 x 10!7 cm
1 x10% ecm™3, respectively. Nevertheless, different from
the reference HLED wafer, the proposed pLED wafer has a
3 nm thick p-Alp,5Gag7sN layer with the hole concentra-
tion of 3 x 10'7 cm™3 inserted into the p-GaN layer, so that
a 30 nm p-GaN/3 nm p-Algy25Gag 75N/50 nm p-GaN structure
can be formed. Different pLLEDs have been fabricated such
that devices A and B are made of the reference and the pro-
posed uLED wafers in Figs. 1(a) and 1(b), respectively. The
scanning electron microscope (SEM) image for the fabricated
pLED is shown in Fig. 1(c). Details regarding the chip fabri-
cation processes will be presented subsequently. We have con-
ducted the cross-sectional transmission electron microscope
(TEM) measurement in the p-type region for devices A and
B that are presented in Figs. 1(d) and 1(e), respectively. We
can see that the p*-GaN layer, the p-GaN layer and the p-EBL
are grown as the pre-set thickness for device A. Moreover, the
thin p-Alg25Gag 75N layer with the thickness of ~ 3 nm has
also been inserted into the p-GaN layer during the epitaxial
growth process.

Device B (d) Device A
p-electrode

10 nm p*-GaN
30 nm p-GaN

50 nm p-GaN

Fig. 1. Schematic diagrams for (a) device A and (b) device B with the p-GaN/p-Alj,5Gag75N/p-GaN structure and secondary etched mesa.
(c) SEM image for the fabricated pLED with the chip size of 40 x 40 pm?. Cross-sectional TEM images of the p-type region for (d) device A and

(e) device B.

The fabrication processes for the two pLEDs are as fol-
lows. Firstly, for both devices, a square mesa is patterned and
dry etched by using the inductively coupled plasma (ICP) sys-
tem to expose the n-GaN layer. The mesa size is 40 x 40 um?
and the mesa height is 500 nm. Then, the secondary mesa for
device B is etched on both sides of the p-type region. The
height and the width for the secondary mesa are ~ 60 nm and
~ 30 wm, respectively. For both devices, the SiO, insulating

layer of ~ 200 nm is deposited on the mesa sidewalls by using
PECVD system, which is used to passivate the sidewalls de-
fects and isolate the contact between the p-electrode and the
n-GaN layer. After patterning the SiO, insulating layer so
that the metal contact regions can be exposed, a thin Ni/Au
(10 nm/10 nm) is deposited on the p*-GaN layer serving as
The Ni/Au is annealed in the
oxygen environment at the temperature of 450 °C for 3 min

the current spreading layer.
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to form the ohmic contact.!"® On the top of the Ni/Au cur-
rent spreading layer, we deposit Ni/Au (10 nm/200 nm) so
that the Ni/Au/Ni/Au p-type electrode is formed. Next, the
Ti/AV/Ti/Au (20 nm/30 nm/60 nm/100 nm) is deposited on the
n-GaN layer as the n-type ohmic contact.

The two pLEDs are numerically investigated by us-
ing APSYS software so that an in-depth understanding such
as carrier transport and recombination processes can be ob-
tained. The physical equations including Poisson’s equation,
Schrédinger equation, drift-diffusion equation, etc. are self-
consistently solved.!'”l The Shockley—Read—Hall (SRH) re-
combination lifetime is set to 100 ns and the Auger recom-

073% ¢cm®s in our model for the

bination coefficient is 1 x 1
nonradiative recombination process.!?’! The band offset ratio
between the conduction band and valence band is set to 0.7/0.3
for the InGaN/GaN MQWs.!'% The LEE for the studied blue
ULEDs is set to 60% by compromising our measured EQE
and the reported value.l?!'l Additionally, we also set the de-
fect model in our simulations. The electron trap level is set
at 0.24 eV below the conduction band (i.e., E. — 0.24 eV),
for which the trap density and the capture cross section are
1 x 1013 cm™3 and 3.4 x 10717 cm?, respectively.l'%??] The
hole trap level is set at 0.46 eV above the valence band
(i.e., E, +0.46 eV), for which the trap density and the cap-
ture cross section are 1.6 x 1013 cm™3 and 2.1 x 1015 cm?,
respectively.[!%23 Other important parameters in our simula-
tion model can also be found in Ref. [24].

3. Results and discussion

By using a calibrated integrating sphere, we show the
measured electroluminescence (EL) spectra in terms of vari-
ous injection current densities for devices A and B in Figs. 2(a)
and 2(b), respectively. Note, the measured devices are not
packaged with bare uLED dies, so that only part of the pho-
tons can be collected by our optical fiber. It shows that the
EL intensity for devices A and B increases as the current den-
sity increases from 50 A/cm? to 200 A/cm?. Meanwhile, the
EL intensity for device B is always stronger than that for de-
vice A at the same current density level. The inset in Fig. 2(a)
shows the illuminating device taken under the optical micro-
scope system. The blue emission with the peak wavelength of
~ 445 nm can be observed, which agrees with the set InN com-
position in the MQWs.

In order to better understand the impact of the proposed
p-GaN/p-Alp25Gag 75N/p-GaN structure and the secondary
etched mesa of the p-type region, we then experimentally and
numerically obtain the EQE and optical power density at var-
ious injection current density levels for devices A and B in
Figs. 3(a) and 3(b), respectively. We can see that the mea-
sured EQE and optical power density for device B are both
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Fig. 2. Measured EL spectra for (a) device A and (b) device B at varying
injection current density levels. The inset in (a) shows the image for the
illuminating WLED at the current density of 200 A/cm?.
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Fig. 3. (a) Measured and (b) calculated EQE and optical power density as a
function of the injection current density for devices A and B, respectively.
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higher than those for device A, which is consistent with the
trend of the calculated results in Fig. 3(b). This also indicates
the reliability of our simulation model. The results presented
in Fig. 3(a) are also consistent with the EL profiles in Fig. 2.
At the current density of 200 A/cm?, the measured efficiency
droop levels are 65.2% and 43.8% for devices A and B, re-
spectively according to Fig. 3(a). These values are 23.7% and
15.6% for devices A and B, respectively according to the nu-
merical results in Fig. 3(b). The reduced efficiency droop ob-
tained both experimentally and numerically for device B can
be well attributed to the increased hole injection. >

In order to reveal the underlying physical mechanism for
the enhanced EQE and optical power for device B, we cal-
culate the electric field and the hole concentration profiles
for devices A and B in Figs. 4(a)-4(c), respectively. Fig-
ure 4(a) shows that the polarization electric field is formed
at the multiple heterojunction interfaces for the p-GaN/p-
Alp25Gag 75N/p-GaN structure. We define that the positive
electric field is along the [0001] orientation. When we look
into the electric field profile in the thin p-Alg25Gag 75N layer,

we can infer that the holes may lose energy as they travel
through the thin p-Alg25Gag 75N layer. To better investigate
the net energy (W) that the holes obtain from the p-type re-
gion for devices A and B, we integrate the electric field by fol-
lowing the equation W = efé Efeiq - dx, in which e is electron
charge, Efelq denotes the electric field profile and / represents
the integration range. The values of W obtained by the holes
are —0.09 eV and —0.18 eV for devices A and B at the current
density of 200 A/cm?, respectively. The negative value of W
means that the holes obtain the energy from the p-type region
and become “hot”. Therefore, the injection of holes into the
MQWs can be effectively promoted and the radiative recombi-
nation in the whole active region can be improved for device B
according to Fig. 4(b). Figure 4(c) presents the lateral hole
concentration distribution in the last quantum well closest to
p-EBL. It shows that the hole concentration in the mesa side-
walls region of device B is lower than that of device A, while
the hole concentration in the middle mesa region of device B
is higher than that of device A.
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Fig. 4. (a) Numerically calculated electric field profiles for devices A and B with the p-GaN/p-Alg25Gag 75N/p-GaN. (b) Vertical hole concentration
profiles in the MQW region and (c) lateral hole distribution in the last quantum well closest to the p-EBL for devices A and B. Data are calculated at the

injection current density of 200 A/cm?.

It is worth noting that the secondary etched mesa for de-
vice B also contains surface defects and these are also consid-
ered in our physical model. Hence, it is necessary to extract
the recombination current for devices A and B. Figures 5(a)
and 5(b) show the calculated radiative recombination current
density and SRH recombination current density for devices A
and B, respectively. According to Fig. 5(a), we can find that
the radiative recombination for device B is significantly higher
than that for device A. Nevertheless, Fig. 5(b) demonstrates
that the SRH recombination current density for device A be-
comes larger. Note, the inset of Fig. 5(a) presents the lateral
radiative recombination rate in the last quantum well closest
to p-EBL for devices A and B. We can see that neither of
the two devices has strong radiative recombination rate at the
defected mesa edge, while the radiative recombination rate
in the central mesa region is higher for device B thanks to
the enhanced hole injection efficiency therein. The inset of
Fig. 5(b) demonstrates that the defected mesa regions have a
significant SRH nonradiative recombination rate. However,
the secondary etched mesa helps suppress the SRH nonradia-

tive recombination rate at the mesa edge for device B when
compared with device A. Therefore, with the assistance of our
physical calculations, we further confirm that the p-GaN/p-
Al 25Gag 75N/p-GaN structure can produce hot holes and fa-
vor the hole injection into the MQW region. In the meanwhile,
the secondary etched mesa can effectively suppress the SRH
nonradiative recombination at the defected mesa edges. We
also find that the newly generated surface defects at the sec-
ondary etched mesa edge sacrifice neither the hole injection
nor the optical power.

It is known that the surface defects at the mesa sidewalls
provide current leakage channels. Thus, the current—voltage
(I-V) characteristics for the two pLEDs are measured and in-
vestigated, which are shown in Fig. 6. When the two uLEDs
are reversed biased at the voltage of —5 'V, the leakage current
for device B is almost one order of magnitude smaller than that
for device A. The on/off current ratios at the biases of —5 V
and 5 V are 10® and 10° for devices A and B, respectively.
The reduced leakage current and the increased on/off current
ratio infer that device B can effectively suppress the surface
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nonradiative recombination and reduce the leakage current on
the mesa sidewalls. We also find that the forward voltage for
device B is reduced when compared with device A, and this is
due to the hot holes and the enhanced hole injection efficiency.
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Fig. 5. (a) Radiative recombination current density and (b) SRH recombina-
tion current density as a function of injection current density for devices A
and B. The insets in (a) and (b) show the lateral radiative recombination rate
and the lateral SRH nonradiative recombination rate in the last quantum well
closest to the p-EBL layer, respectively.
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Fig. 6. Measured /-V characteristics in semi-log scale for devices A and B,
respectively.

4. Conclusion

The secondary etched mesa and p-GaN/p-
Al 25Gag 75sN/p-GaN structure are proposed and the detailed
analysis has been conducted for GaN-based pLEDs in this

work. By using the p-GaN/p-Alg5Gag 75N/p-GaN structure,

the polarization induced electric field therein can increase the
kinetic energy for holes and hence the holes are more effi-
ciently injected into the MQWs. For that reason, the EQE
is increased by 155.6% at the current density of 200 A/cm?
and the efficiency droop is suppressed to 43.8% for the pro-
posed LLED. Meanwhile, the secondary etched mesa can also
suppress the hole diffusion towards the mesa sidewalls and
confine the holes into the central mesa region. Correspond-
ingly, the surface SRH nonradiative recombination and the
leakage current can be obtained and a high on/off current ratio
of 10° can be generated for the proposed uLED. Therefore, we
strongly believe that the findings in this work are very helpful
for the community to better understand GaN-based WLEDs
and the proposed structure paves a new way for making high-
efficiency and strong-reliability GaN-based pLEDs.
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