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Abstract—In this study, Green MicroLEDs with different H:
flow during the barrier growth are investigated. We observe that
the Indium composition near V-pits affects potential barrier
height of the sidewall multiple quantum wells (MQWs) thus has
strong impact on screening effect of V-pits. EQE and relative
IQE has a dramatically increase with more hydrogen flow during
barrier growth, and thermal endurance and wavelength stability
was also improved. The enhancement has been confirmed to
come from the reduction of non-radiative recombination centers
from small_V-pits and higher potential barrier height on sidewall
MQWs in V-shaped pits which screen dislocations (TDs). These
results demonstrate the advantages of modification Hz flow
during barrier growth and also provide a new concept to
modulate potential barrier height of the sidewall MQWs for
better screening effect for further improvement on MicroLEDs
performance.

Index Terms—MicroLEDs, InGaN/GaN MQWs, V-pits, Ha,
Potential Barrier

I. INTRODUCTION

ecause of the AR/VR/MR requirement, Micro-light-
Bemitting diodes (MicroLEDs) has received more and

more attention. Due to advantages such as high
efficiency, high stability, and long lifetime, InGaN/GaN based
self-radiating MicroLEDs displays are considered the next
generation display technology [1], [2].

However, the scale production of MicroLEDs still faces
enormous challenges, such as low-cost transfer technology,
and low efficiency of green MicroLEDs. Due to the large
lattice mismatch between GaN and InN, the growth of high-
quality and high-indium content green InGaN/GaN multi-
quantum wells has always faced many challenges. Besides, the
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increase of indium content makes the phase separation of
indium more serious, leading higher density of dislocations
caused by lattice mismatch [3]. The growth of high indium
content MQWSs requires a higher growth temperature
difference between the wells and the barriers, thus Indium
atoms may desorb from the surface, leading to the generation
of defects and indium segregation near the upper interface of
the QWs [4], [5]-

For MicroLEDs, even small wavelength fluctuations at the
micron level may have a huge impact on yield and increase
production costs. What's more, when applied to high-
resolution displays, the stability of LEDs is a major
requirement under high temperature and various injection
current [6], [7]. For the former one, the uniform distribution of
indium is crucial, while for the latter one, it is closely related
to the crystal quality.

In order to improve the quality and the uniform distribution
of indium of MQWSs, many researchers have reported the
effect of the presence of H, during the MQWSs growth. Some
researchers find that the presence of H, during the MQWs
growth will create smoother surface and enhanced
photoluminescence (PL) [8], [9]. Ren et al. reported that
adopting the H, pre-flow prior to the InGaN quantum well
growth will make the interface smoother and enhance the PL
intensity [10]. R. Czernecki, et al. reported that the H, flow
reduced the indium concentration and thickness of the QWs
and increase the thickness of the barriers [11]. However, Wu
et al. reported that the MQWSs under H; treatment has a lower
EQE, while the forward and reverse currents will be reduced
[12]. Such different results reported may be due to the
different H, flow rate in the carrier gas or different growth
processes of the QWs.

Thermal stability is an important topic in evaluating the
performance of MicroLEDs displays. Since a great portion of
the applied power on MicroLEDs device lost by heat form.
The resulting high junction temperature would cause many
problems such as wavelength shifts, photoelectric efficiency,
shorter lifetime. As for MicroLEDs, the larger chip density
makes this problem even more significant, and seriously
affects the display performance.

However, there is few research on the impact and effect of
H> flow during barrier growth on MicroLEDs and the potential
barrier height of the sidewall MQWs. In this work, we
investigated H, flow during the growth of barrier and
discussed the influence mechanism of hydrogen on the growth
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of MQWSs. We not only focused on the photoluminescence
(PL) and electroluminescence (EL) performance, but also the
role of screening dislocations by potential barrier height of the
sidewall MQWs in V-pits, so-called the V-pits bandgap
engineering.

I1. METHODS

The green MQWSs were grown on planar c-plane sapphire
substrates by metal-organic chemical vapor deposition
(MOCVD) system. The active region is as follows: 9 pairs of
Ing.25Gag.7sN well (3 nm)/GaN barrier (12 nm) green MQWSs
were grown after 3 pairs of IngsGagesN (2 nm)/GaN (45 nm)
and 4 periods of Ing1GaogN (2 nm)/GaN (8 nm) and 44.8 nm
Ing.15GaogsN prelayers. The growth process of quantum wells
is as follows: after the InGaN layer is deposited, the indium
source is cut off to deposit low temperature GaN (LT-GaN)
cap layer. After an interruption time, the temperature is raised
while hydrogen is introduced into the carrier gas, and the GaN
barrier layer was grown in an environment of hydrogen and
nitrogen at the same time. To facilitate the comparison, the
same structure was designed for the two samples except the H,
flow during the barrier growth. The H, flow was set to be 34.5
sccm for sample 1 and 54.5 sccm for sample 2 respectively, as
schematically shown in Fig. 1(a).
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Fig. 1. (a) Schematic illustration of the green LED epitaxy
structure and condition for Sample 1 and 2. (b) Single-color
MicroLEDs arrays consisting of 900 (30x30) pixels and SEM
picture. (c) Schematic illustration of single flip chip type
MicroLEDs.

After the epitaxial growth, the two samples are fabricated
into the flip chip structure MicroLEDs in size of 34 umx58
um with the n-type GaN upwards and roughed. Single-color
MicroLEDs arrays consisting of 900 (30 x 30) pixels were
fabricated from sample 1 and sample 2 respectively and
named as LED 1 and LED 2 by inductively coupled plasma
(ICP) etching and UV lithography. Electrodes were deposited
on both sides of the pixel mesa. The structure of the
MicroLEDs array and the single pixel mesa are shown in Fig
1(b) and Fig 1(c).

Scanning electron microscopy (SEM) images were taken by
HITACHI Regulus 8100. The element distributions were
taken by a FEI Talos F200X G2 TEM in scanning
transmission electron microscope (STEM) mode with energy
dispersive X-ray (EDX) system. A 374-nm laser (Coherent
OBIS) was used as a PL excitation source, PL signals were
collected by spectrometer (Ocean Insight HR4000). Micro-PL
mapping pictures were obtained from a hyperspectral imaging
spectrometer (Soc710). The temperature dependence of the
luminescence spectra was measured from 10 to 300 K in a
cryostats (OptistatDry), and samples were excited by a 375-
nm laser (MDL-II). Spectrometer (Ocean Insight QE Pro)
was used to collect PL signals. Cathodoluminescence (CL)
experiments were performed using a Delmic SPARC Spectral
system and at an acceleration voltage of 5.0 keV and room
temperature. The electroluminescence (EL) characteristics
were obtained using an integrating sphere (Instrument System)
system. Aging testing is conducted on an LED lifespan testing
system (WEI MIN LED-800).

I11. RESULTS AND DISCUSSIONS

Scanning electron microcopy (SEM) is used to analysis and
quantify V-pits size and amount also surface morphology.
Sample 1 (Hz flow 34.5 sccm for barrier growth) and 2 (H:
flow 54.5 sccm for barrier growth) were prepared with the
same condition as samples 1 and 2 but without p-type layers
for better observation of V-pits. As shown in Fig. 2(a) and Fig.
2(b), we found many of inverted hexagonal pits distributing on
the surface of both samples. The inverted hexagonal pits are
so-called V-pits which is a common nanostructure in current
commercial InGaN LEDs. The most obvious difference
between two samples is the presence of many small V-pits
around the large V-pits in sample 1 (H. flow 34.5 sccm for
barrier growth) as shown by red circle in Fig. 2(a). Their
diameters are between 20-80 nm, and some of them can be
observed to have a hexagonal structure, similar to the large V-
pits construction, and all of them are present around large V-
pits. Based on their size, they should be formed in the last few
QWs. We speculate that they may be related to fluctuations of
indium content and strain accumulation around large V-pits.
According to previous research, the energy barrier between V-
pits sidewall quantum wells and c-plane quantum wells have a
screening effect on the dislocations (TDs) [13]. The screening
effect of V-pits is also a consensus by LED community for the
high efficiency of InGaN LEDs despite the high dislocation
density (~2x108 cm on sapphire substrate). This means that
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TABLE |
STATISTICAL RESULTS OF V-PITS
Average

Average

Density of Density of Average depth Average depth

diameter of diameter of

Sample large V- Small V- of large V- of small V- Area ratio
) 5 : , large V- ) small V- )
pits(/em*) pits(/cm=) . pits(nm) ) pits(nm)
pits(nm) pits(nm)
samplel 4.41x108 6.78x107 295 278 43 40 24 91%
sample2 4.44 %108 0 300 282 none none 25.94%
TABLE 1T
IQE AND THE FITTED RESULTS WITH RESPECT TO EXPERIMENTAL RESULTS oF TDPL
. Relative . . . .
Sample 1QE(%) C, C, E, (meV) E, (meV)
samplel 13.8 1.079 53.63 11.76 58.71
sample2 26.9 0.432 19.2 7.24 52.21
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Fig. 2. SEM images of the surface morphology for (a-b) sample 1-2, and (c) Statistical results of VV-shape pits densities and
diagonal size.
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Fig. 3. Micro-PL peak intensity mapping pictures of sample 1-sample 2(a)-(b). (c) Statistical results of FWHM and FWHM-
STD from Micro-PL of sample 1 and samnple 2.

it is more difficult for TDs to capture carriers then reduces the  In other words, small V-pits represent a higher probability of

radiative recombination rate. non-radiative recombination. This will be discussed in detail
However, the barrier thickness of small pits may be too thin  later.
to screen the dislocations (TDs). And some of them appear to Fig. 2(c) and Table | show the V-pits density calculated

have TDs intersecting MQWs without V-pits sidewalls, from low magnification TEM images. When the flow rate
leading to partially MQWs directly penetrated by TDs. Those increases from 34.5 sccm to 54.5 sccm, no small pits were
lead to a significant decrease in the efficiency of LEDs [14].  found in our SEM images.
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To explain these phenomena, we must first understand how
H, affects the growth process of quantum wells. There are two
main aspects. First, hydrogen will form Ga-H complex with
lower adsorption energy with Ga, and increase the diffusion
distance of Ga atoms [15], [16], [17]. Second, In atoms might
react with hydrogen to form hydride compounds thus lowers
the amount of In [18]. When the hydrogen flow rate is small
(34.5 sccm), LT-GaN cap layer can protect most of the In
atom in the quantum wells. As the hydrogen flow rate
increases, the enhanced diffusion of Ga atoms plays a
dominant role, which is beneficial in enhancing the 2-
dimensional growth and suppresses the formation of new pits
especially for small pits that begin to grow in last few
quantum wells but has little effect on large V-pits that have
already formed before MQWs [19], [20]. Moreover, the
hydrogen remove the In-rich clusters from the MQWs,
therefor reducing stress accumulation may also played a
significant role [12]. According to the Table I, the density and
size of large V-pits of two samples are almost the same, but
the absence of small V-pits in sample 2 is the major difference
and their impact and effect on the MicroLEDs performance
will be revealed in below discussion. Micro-PL mapping
measurement were used to verify the improvement of
luminescence uniformity. As shown in Fig. 3, we can see that
as the H, flow increases from 34.5 sccm to 54.5 sccm,
radiation recombination area gradually increases and the
distribution becomes more uniform. This means an
improvement in crystal quality and uniformity of MQWs and a
reduction in micron-scale indium-rich clusters that generate a
large number of defects [21], [22]. Fig. 3(c) shows the full
width at half maxima (FWHM) and corresponding standard
deviation (STD) calculated from Micro-PL data. As the H;
flow increases from 34.5 to 54.5 sccm, the average FWHM
and corresponding STD decreased from 41.43 nm to 37.42 nm
and from 2.40 to 1.96 nm, respectively. For MicroLEDs with a
size of only a few tens of micrometers, micron level
uniformity of luminescence is crucial for improving
MicroLEDs performance.
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Fig. 4. Temperature dependence of normalized integrated PL
intensity for sample 1 and sample 2. The inset picture is
Arrhenius plots of the normalized integrated PL intensity for
sample 1 and sample 2 over the temperature ranging from 10
K to 300 K.
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Temperature dependent photoluminescence (TDPL) was
used to verify the reduction of non-radiative recombination
rate and measure the relative internal quantum efficiency of
the samples. Fig. 4 showed the variation of PL normalized
integrated intensity with temperature, we can see that as the
temperature increases from 10 K to 300 K, the PL integral
intensity of both samples monotonically decreases, which is
due to the gradual activation of non-radiative recombination
centers [23], [24]. But the decay rate of sample 2 is
significantly slower. The PL intensity was fitted by the
double-channel Arrhenius equation [27]:

| (T) =|1+ Clexp(—Elj+C2exp(—Ezj
keT keT

Where I(T) represent the normalized integrated PL intensity.
The parameters C; and C, are two constants related to the
density of non-radiative recombination centers in the samples.
E; and E; are the activation energies related with the non-
radiative recombination process [25], [26], [27], [28]. ks is
Boltzmann’s constant. Fitting results of two samples were
listed in Table II. As the hydrogen flow rate increased from
34.5 to 54.5 sccm, Cy and C; decreased from 1.079 to 0.432,
and from 53.63 to 19.198 respectively. This further indicated
that the strong correlation between H, flow during barrier
growth and the number of non-radiative recombination centers.
The relative internal quantum efficiency (IQE) defined as
Isook/l10k, Was also significantly increased from 13.8% to
26.9%, as hydrogen flow changed from 34.5 to 54.5 sccm.

As mentioned earlier, due to the energy gap difference
between c-plane quantum wells and V-pits sidewall quantum
wells, V-pits nanostructure can screen the dislocations (TDs)
and thus improve the MicroLEDs efficiency. CL
(Cathodoluminescene) was used to investigate the impact of
different hydrogen flow and quantify the energy gap
difference between V-pits sidewall quantum wells and c-plane
quantum wells.

The energy difference between c-plane QW sidewall QW is
from two aspects: (1) Compare with c-plane quantum well,
sidewall quantum well has thinner well thickness and lower
Indium composition, so the sidewall quantum wells have
shorter wavelength and higher barrier height. (2) The
sidewalls of V-pits are semi-polar planes (R-plane) which
means lower piezoelectric field thus emits shorter wavelength
and higher barrier height [29]. As shown in Fig. 5, we can
observe four CL peaks from the V-pits, P1 and P2 are
emission peaks from pre-layers, P4 is the main emission peak
of the active region, and P3 at around 500 nm is only observed
at the location within V-pits.

In Fig. 5(b), we can see that when the signal acquisition
point is away from center of the V-pits on sample 1, P3
gradually weakened and eventually disappeared.

So, we believe that P3 is the emission peak from the
sidewall quantum wells, and the difference between the P3
and P4 is considered to be the energy gap between c-plane
quantum wells and V-pits sidewall quantum wells, also the
potential barrier height that screens dislocations. We
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Fig. 5. (a) CL spectrum of samples 1 and sample 2 at the location near the center of V-pits and away from the V-pits. (b) CL
spectrum from the location near the center of V-pits to the location away from the V-pits in samplel. (c) Interval graph of

energy gap for sample 1 and sample 2. (d) In signals of sample 1 and sample 2 measured by EDX.

calculated the barrier heights measured at dozens of points on
two samples, and plotted the result in Fig. 5(c). It’s very clear
that the average energy gap of sample 1 and sample 2 are
213.9 meV and 231.9 meV respectively. This indicates that
the V-pits of sample 2 has higher potential barrier height that
suppresses  non-radiative  recombination  functionally.
Previously, a series of reports suggested that the height of this
barrier mainly depends on the size of V-pits [30], [31], [32].
However, in this experiment, it has been demonstrated through
SEM that there is no significant difference in the V-pits size
between sample 1 and sample 2. Therefore, this energy gap
difference is from indium content difference of the sidewall
quantum wells caused by different H, flow during barrier
growth. In other words, we can modify potential barrier height
between c-plane quantum wells and V-pits sidewall quantum
wells by controlling the H; flow during barrier growth. When
H; flow through the surface, indium atoms around the core of
TDs can be more easily washed out [33]. Moreover, compared
to c-plan quantum wells, the thickness of LT-GaN cap layer in
V-pits is thinner, therefore, H, has a more significant impact
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Fig. 6. EQE curves of LED 1 and LED 2.
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Fig. 7. (a) EL spectrum of LED 1 from 300 K to 400 K. (b) EL spectrum of LED 2 from 300 K to 400 K. (c) Temperature
dependence of normalized integrated EL intensity. (d) S values as a function of current density of LED 1 and LED 2.

on the indium content of sidewall quantum wells. When the
hydrogen flow increases from 34.5 sccm to 54.5 sccm, indium
content loss in sidewall quantum wells is more severe, and at
the same time, the flow of hydrogen has a much smaller
impact on the indium content of c-plane quantum wells due to
the thicker LT-GaN cap layer on c-plane. This enables the V-
pits of sample 2 to have the ability to limit the lateral diffusion
of carriers by screening effect and reduce the number of
carriers captured by non-radiative recombination by
dislocations, and thus improves MicroLEDs internal quantum
efficiency.

In order to verify the above assumption, the distribution of
Indium atom along the EDX scanning line was conducted and
showed in Fig. 5(d). The scanning line was indicated by a blue
line in the inset from point a to point b. Near the region close
to V-pits, there is a huge difference in the indium distribution
between the two samples. When measurement point approach
near the V-pits, the indium signal of sample 2 decays faster,

which means a sharp drop in indium composition near the
sidewall QWs, and the Indium profile difference between the
two samples near the V-pits also form a different potential
barrier height between c-plane quantum wells and V-pits
sidewall quantum wells, which is consistent with the CL
results.

To investigate the influence of H; on the electrical
performance, the EQE of MicroLEDs arrays (900 pixels) was
measured by the integral system under different current
density. As shown in Fig. 6, the peak EQE of the LED 1 and
LED 2 is 32.5% and 44.8%, respectively. And the
corresponding injection current density is 2.54 and 1.76 A/lcm?,
respectively. EQE of LED 2 is higher than LED within all
measurement range, especially in low current density about
1A/cm?.The inset shows uniform light distribution picture of
MicroLEDs arrays (900 pixels) under current density of 2.5
A/cm?, This indicates that LED 2 with a H, flow of 54.5 sccm
during the barrier growth is more suitable for the need of low
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power consumption in high-resolution MicroLEDs displays
[34].

As introduction mentioned, the temperature stability and
behavior are important for MicroLEDs display application.
Temperature dependence of the EL was conducted at a
forward current of 3.9 A/cm? to investigate the temperature
characteristics of the two samples. As shown in Fig. 7(a) and
Fig. 7(b), when the temperature increased from 300 K to 400
K, LED 1 had a red-shift of 6.45 nm, while LED 2 had a red-
shift of 5.46 nm, which was caused by shrinking of the InGaN
band-gap. However, the red-shift of LED 1 is large than that
of LED 2. This is due to the higher density of Shockley-Read-
Hall recombination centers in LED 1, resulting more heat
accumulation during operation.

On the other hand, the EL intensity gradually decreases as
the temperature increases. It can be clearly seen in Fig. 7(c)
that LED 1 has a higher decay ratio of EL intensity. When the
temperature increases from 300 K to 360 K, the brightness of
LED 1 and LED 2 decreases to 69.24% and 76.65%,
respectively. As the temperature further increases to 400 K,
the brightness decreases to 55.74% and 64.61%, respectively,
which indicate the smaller temperature dependence of LED 2.
This is because there are less SRH recombination centers in
the active region of LED 2. The SRH recombination became
more effective and led to less carriers for radiative
recombination in the active region when temperature increased
[27]. It’s clear that LED 2 has better thermal stability in

wavelength and EL intensity when operate at high temperature.
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S wvalues can be wused to investigate the carrier
recombination mechanism of the InGaN based LED. If S
value equals to 2, it means SRH recombination dominates. If S
equals to 1, it means radiative recombination dominates.
When S value is less than 1, it indicates carrier leakage. Fig.
7(d) shows the S values calculated by L-I curves of LED 1 and
LED 2. When the current density is between 0.2 and 1 A/cm?,
the S values of both samples are close to 2, indicated that SRH
recombination dominates at such a small current intensity, and
the S value of LED 2 is significantly closer to 2. This means

0.0
0.0 0.1

that under low current density, the defect related SRH
recombination rate in LED 2 is smaller, further indicating that
LED 2 has a smaller defect density and better crystal quality
[35].

To estimate the influence of current density in the color
space, CIE 1931 positions of LED 1 and LED 2 at 2 to 100
Alcm? are shown in Fig. 8. We can see that LED 2 exhibits
more stable coordinates and smaller shift when operation
current density is from 2 to 100 A/cm?. This phenomenon is
more pronounced at low current densities region. At high
current density, the color coordinates of LED 2 are closer to
the defined green color in Rec. 2020 (0.17, 0.797) compared
to LED 1. These indicate that LED 2 has better color stability
and higher color saturation for MicroLEDs display application.
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Fig. 9. (a) Lop (Brightness) of LED 1 and LED 2 after aging
time. (b) Junction temperature at different currents.

After a long period of operation, the recombination
mechanism of LEDs will change, leading to a decay of light
output power. To confirm whether there is a difference in the
lifetime of the two MicroLEDs, a high operation current
density of 233 A/cm? was applied to each MicroLEDs at 360
K ambient temperature for aging test. The test results are
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shown in Fig. 9(a). In the first 48 hours, there was a significant
decay in light output power, followed by a slower decay
process. We can clearly see that the brightness decay of LED
1 is much severe than that of LED 2, indicating that LED 2
has a longer lifetime and better reliability. This difference may
be caused by the lower density of non-radiative recombination
centers in LED 2. It is reported that the degradation of LED is
related to the increase in non-radiative recombination [36],
[37]. Fig. 9(b) shows the junction temperature measured under
different currents. It can be seen that the junction temperature
of LED 2 is always lower than that of LED 1, and this
difference gradually larger as the current increases. We
believe that this is caused by a reduction in non-radiative
recombination that generate heat. The longer lifetime and
lower junction temperature proved that LED 2 is more suitable
for display field applications.

I11. CONCLUSION

In conclusion, we analyzed the characteristics of two
samples with different hydrogen flow ranging from 34.5 to
54.5 sccm during barrier growth. A detailed discussion was
conducted to verify the influence mechanism of H, flow of
MQW:s and the impact on the MicroLEDs performance, and it
was found that the improvement in performance mainly comes
from the reduction of non-radiative recombination centers and
higher energy gap of V-pits between c-plane quantum wells
and V-pits sidewall quantum wells. These two factors cause a
significant decrease in non-radiative recombination rate. The
sample with a hydrogen flow of 54.5 sccm has advantages in
radiation efficiency, brightness uniformity, thermal endurance,
CIE behavior and excellent lifetime. This study demonstrates
that the performances of Micro-LED can be effectively
improved by modification of hydrogen flow during barrier
growth and V-Pits bandgap engineering. We provide a new
concept that not only the V-pits size but also modification of
H, flow during barrier growth that affects screening effect of
V-pits. Our results offer a guideline for future MicroLEDs
development.
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