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We investigated the effect of the sidewall passivation by hydrogen plasma on the InGaN green micro-LED performance. Hydrogen passivation
deactivates the surface region of p-GaN around the perimeter of the device mesa. Thus, hole injection is suppressed in this region, where etching-
caused material degradation results in leakage current, decreasing device efficiency. We have confirmed the hydrogen passivation effect on LED
square pixels with sizes of 20 and 100 μm. For smaller LEDs, the reverse leakage current has reduced more than tenfold, and the external
quantum efficiency of LEDs was enhanced 1.4-times due to the suppression of the non-radiative recombination.

© 2022 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

I
nGaN micro-light-emitting diodes (μLEDs) are widely
considered a key technology for the next generation of
display realization.1–3) The display’s high resolution is

vital for most cutting-edge applications, such as augmented
reality and virtual reality wearable devices. Ultra-small
(<10 μm) LED pixel size is required for high-resolution
displays.
The most common method for the III-Nitride LED

fabrication is mesa formation using plasma dry etching.4,5)

It was also shown that this method is suitable for the μLED
pixel with sub 10 μm size formation.6–8) Theoretically, with a
shrinking device size, the efficiency is supposed to grow due
to the better current spreading.9) However, during the mesa
etching, surface damage to the devices’ sidewalls is inevi-
tably introduced.10) With a smaller volume-to-surface ratio,
charge carrier diffusion makes carriers’ migration into the
sidewall region more significant. The sidewall defects induce
Shockley–Read–Hall (SRH) non-radiative recombination,
resulting in the leakage current.11) Therefore, with decreasing
LED device dimensions, efficiency decreases.7) Several side-
wall treatment techniques have been demonstrated to sup-
press sidewall damage negative effects, such as wet sidewall
wet etching and coating with the passivation layer.12,13) The
wet chemical etching of the LED’s sidewall is conventionally
carried out by tetramethylammonium hydroxide (TMAH)
due to its different etching abilities concerning the different
crystallographic planes of GaN.14) On the other hand, the
sidewall passivation layer suppresses any further chemical
reactions of the exposed sidewall with air or chemicals
involved in further device processing. Materials used as the
passivation layer are Al2O3,

15,16) SiO2,
17) HfO2,

18) ZnO,19)

and AlN.20)

This work proposes a different approach to overcoming
mesa sidewall damage by blocking the current injection into
the device’s sidewall region. We utilize the phenomenon of
p-GaN hydrogen passivation. The Mg dopant atoms in GaN
crystal sites bind with hydrogen when exposed to the reactive
hydrogen ions. With inactive p-dopant, the exposed p-GaN
reportedly increases its sheet resistance by up to
10 times.21,22) We deliberately expose the LED’s sidewalls
to the hydrogen plasma while the top surface of the device

mesa is coated with a transparent conductive oxide layer,
acting here as a hard mask. This procedure results in an
insulation layer of passivated p-GaN encircling the LED
mesa perimeter. This suppresses current injection into the
mesa etching-induced sidewall defects, significantly im-
proving device efficiency.
Commercial InGaN-based green LED wafers were used in

this work. The as-received LED structure consisted of a 2 μm
thick unintentionally doped GaN, Si-doped n-GaN, 16
periods of InGaN/GaN multiple quantum wells (MQWs),
and 300 nm thick Mg-doped p-GaN. Further fabrication was
performed to achieve the device structure, as illustrated in
Fig. 1. The LED p-side was covered with a 100 nm thick
indium-tin-oxide (ITO) layer deposited by the e-beam
evaporator, followed by 2-step annealing.23)

Photolithography using a photoresist accompanied by the
100 nm thick SiO2 hard masks was applied for the mesa
formation. The resulting LED pattern consists of square pixel
arrays with sizes of 20× 20 μm2 and 100× 100 μm2, as
shown in Figs. 2(a) and 2(b), respectively. The pixel arrays of
20× 20 μm2 and 100× 100 μm2 consisted of 100 pixels and
four pixels, respectively. Therefore, in both cases, the
effective array area is 4× 10−4 cm2.
Dry etching via Cl2/BCl3 plasma was performed to achieve

900 nm deep mesa etching, exposing the device n-side. Then,
wafers chosen for the hydrogen passivation application were
exposed to the hydrogen plasma under the following condi-
tions: radiofrequency plasma generator power 250W, sub-
strate temperature 300 °C, exposure time 4 min. The top
surface of the device p-side, along with the ITO layer, was
kept protected by the SiO2 hard mask. From this point, both
wafers with and without application of the hydrogen plasma
were processed similarly.
The TMAH wet etching carried out additional sidewall

treatment for 40 min at room temperature. Wet etching
effectively reduces the sidewall damage.24) However, in
this case, its usage also helps to overcome sidewall contam-
ination by PECVD. Inner surfaces of PECVD chamber,
including the carrier wafer, are sputtered with hydrogen
plasma and redeposited on the LED chip. TMAH wet etching
removes material underneath the contamination, effectively
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removing it as in the lift-off process. Here, we need to keep in
mind that TMAH etching is selective to the GaN m-plane,
with a much lower etch rate along a-plane.14) Choice of the
square pixel shape is critical in this case, making the amount
of the exposed a-plane and m-plane sidewalls rotation
invariant. After that, the SiO2 hard mask was removed by
wet etching in fluoric acid-based buffered oxide etchant in
7:1 dilution with water for 2 min at room temperature. As
illustrated in Fig. 1, the wafer was again covered with a 250
nm thick layer of SiO2 deposited by plasma-enhanced
chemical vapour deposition (PECVD). To expose p- and n-
contacts, the SiO2 layer was selectively removed using C4F8
dry plasma etching with patterning realized by photolitho-
graphy. Both the n-contact and p-pad electrodes consisted of
Cr (50 nm)/Pt (195 nm)/Au (200 nm), which were deposited
by sputtering.
The device I–V characteristics and electroluminescence EL

performance were characterized using a probe station
equipped with an integrating sphere and spectrometer. On-
wafer measurements of devices’ output power were carried
out with an integrating sphere inlet positioned directly above
the measured LED at the same height for every device.25,26)

This way, we were able to directly compare devices’ output
power, wall-plug efficiency (WPE) and external quantum
efficiency (EQE). The EL imaging was carried out using an
optical microscope.

Figure 3 shows the direct observation of the device EL
emission recorded using an optical microscope. Figure 3(a)
depicts homogeneous EL along the pixel surface, with typical
dark spots. These low-scale inhomogeneities in spatial EL
distribution are related to the thermal degradation of InGaN
QW27) and propagating dislocation in LED’s active region
and p-side.28,29) The EL observation for the pixel with
applied hydrogen passivation, as shown in Fig. 3(b), has a
dimmed frame around the pixel perimeter. The drop in the EL
intensity in the sidewall region is the direct aftermath of the
hydrogen passivation. In the presence of the hydrogen
plasma, the Mg dopant atoms at GaN crystal sites are bound
with hydrogen ions, decreasing hole concentration. Previous
works demonstrated that such a technique could be used to
block the current injection into desired parts of the LED.21,30)

That allowed the device pixelation in a frame of a single
mesa. Additional measurement was carried out to estimate
the merit of the hydrogen ions diffusion depth in the
p-GaN.21) That allowed us to observe the effect of the
hydrogen passivation in the p-GaN regions, directly exposed
to the hydrogen plasma, and in the thin layer of the masked p-
GaN, the so-called hydrogen diffusion region. The width of
this region for the plasma exposure conditions, similar to
those chosen in the present work, was estimated as 1.7 μm.21)

The width of the dimmed region in Fig. 3(b) agrees with this
estimation. Therefore, we can consider that the region of the
decreased EL intensity along the LED’s pixel perimeter is
contributed to the locally suppressed hole injection caused by
hydrogen passivation. It is also noticeable that EL emission
seems brighter after hydrogen passivation, as shown in Fig. 3.
Both microscopy images, (a) and (b), are taken with the same
current injection of 10 A cm−2. The increased light power
output in the case of the sample with applied hydrogen
passivation is confirmed and quantified below. It is important
to underline that hydrogen diffusion, in this case, is going in
the lateral direction, perpendicular to the c-axis of the GaN
crystal. Hydrogen diffusion in the p-GaN is slower in the
c-direction,31) and with similar plasma exposure conditions,
SIMS measurements of hydrogen concentration shows that
the diffusion along c-axis occurs only in the 100 nm deep
layer.
Considering that hydrogen passivation has suppressed

injection into the LED regions, severely affected by the dry
mesa etching, it is reasonable that the hydrogen passivation
effect will be represented in the devices’ I–V behaviour.

Fig. 1. (Color online) Design schematics for the micro-LED pixel.

Fig. 2. (Color online) EL images of (a) the 2 × 2 arrays for 100 × 100 μm2 and (b) the 10 × 10 arrays for 20 × 20 μm2 μLEDs without hydrogen
passivation at 10 A cm−2 current injection density under external illumination.
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Keeping in mind that the hydrogen passivation has reduced
the effective area of the devices, we have renormalized the
current density for the passivated LED chips. Using the fact
that diffused hydrogen atom concentration decreases from the
surface as a complementary error function32) and knowing
the diffusion length, we calculated the effective area as 95%
and 77% of the original device in case of
100× 100 μm2× 4-chips and 20× 20 μm2× 100-chips
LED arrays, respectively. I–V curves of the device arrays
of different sizes with and without hydrogen passivation are
shown in Fig. 4. Negative currents are given at absolute
values to be viewed on a logarithmic scale. For a given LED
with an electroluminescence peak at approximately 530 nm,
forward voltage VF is approximately 2.3 V. We can divide
represented voltage range (–5 to 5 V) effectively into three
regions: (–5 to 0 V)—a region I; (0 to 2.3 V)—region II; (2.3
to 5 V)—region III. It is noticeable that at 2.3 V, the I–V
curves of all four measured LEDs intersect at one point. It
illustrates that the value of VF is independent of the device
fabrication and determined solely by the LED structure. For
region I, the positive effect of the hydrogen passivation
comes as suppression of the reverse current density. For the
reverse bias of –5 V applied, the passing current has reduced
13.4 times and 8.1 times for 100× 100 μm2× 4-chips and
20× 20 μm2× 100-chips LED arrays, respectively. A dif-
ferent reverse current for the arrays with different sizes is
given by the different total sidewall lengths. In region II, the
device is still operating with the closed diode, and its I–V
behaviour is determined by leakage current, so overall
tendencies are the same as those for region I. In region III,
the introduction of hydrogen passivation resulted in similar I–
V behaviours of the arrays of different sizes, which were
sufficiently different without hydrogen passivation. That
means that the effect of varying device surface-to-perimeter
ratios is suppressed, making it easier to reduce device
dimensions in future display engineering. Exposure to the
hydrogen plasma also reduces device differential resistance in
area III. This can contribute to the positive effect of the
hydrogen plasma exposure on the n-GaN. Surface defects on
the device’s n-side caused by dry etching can be passivated
by hydrogen termination,33) improving the quality of the n-

contact. We can quantify it by comparing the voltage drop
across the device with the selected injection current density.
The results are presented in Table I. The most significant
reduction in the voltage drop is recorded as 1.85 times in the
case of the high injection current density of 25 A cm−2 for
the 20× 20 μm2× 100-chips LEDs array.
Reduction of the non-radiative recombination by the

hydrogen passivation positively impacted the devices’ light
output power. As shown in Fig. 5(a), at 25 A cm−2 forward

Fig. 3. (Color online) EL images of 20 × 20 μm2 LED pixel under injection current density of 10 A cm−2 for (a) reference sample (b) with hydrogen
passivation applied.

Fig. 4. (Color online) I–V characteristics of μLED arrays under forward
and reverse bias.

Table I. Voltage drop for different current injection density.

Voltage, V

Sample 10 A cm−2 20 A cm−2 25 A cm−2

20 × 20 array, reference 4, 16 5, 13 5, 49
20 × 20 array, H passivation 2, 63 2.87 2.96
100 × 100 array, reference 3, 34 4, 38 4, 91
100 × 100 array, H passivation 2, 7 2, 94 3, 03
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current injection density, the 20× 20 μm2× 100-chips LEDs
array has shown the light output of 331 μW and 317 μWwith
and without hydrogen passivation, respectively, which means
5% of output power improvement. In the case of the

100× 100 μm2× 4-chips arrays, those numbers are 542
μW, 447 μW, and 21.2%, respectively. The more minor
effect of the hydrogen passivation on the 100× 100 μm2

pixel size results from a smaller volume-to-surface ratio. It is
represented via different perimeter lengths, 8 mm in case of
the 20× 20 μm2× 100-chips arrays versus 1.6 mm in case of
the 100× 100 μm2× 4-chips arrays with equal device active
area of 4× 10−4 cm2.
Along with increasing output power, LEDs’ EQE im-

proves after introducing the hydrogen passivation. As shown
in Fig. 5(b), the EQE peak value has risen from 1.34% to
1.86% and from 2.03% to 2.67% in the case of
20× 20 μm2× 100-chips and 100× 100 μm2× 4-chips
LED arrays, respectively. Therefore, LED’s EQE has in-
creased 1.4 times in the case of a 20× 20 μm2× 100-chips
array and 1.3 times in the case of a 100× 100 μm2× 4-chips
array.
We can also observe a shift in the peak EQE position

concerning the current injection density. In these terms, the
EQE peak has shifted from over 25 A cm−2 to 14.6 A cm−2

in the case of a 20× 20 μm2× 100-chips array and from
10 A cm−2 to 6.6 A cm−2 in the case of a
100× 100 μm2× 4-chips array, before and after hydrogen
passivation, respectively. LED efficiency improvement, spe-
cifically in the low-current region, is caused by a reduction in
SRH non-radiative recombination.34) Efficiency peak posi-
tion shift with changing device size is caused mainly by this
effect.35) Hydrogen passivation plasma further suppresses
SRH non-radiative recombination, reducing the impact of the
device’s decreasing surface-to-perimeter ratio.
We can outline an improvement in the LEDs’ performance

by the hydrogen passivation by calculating their WPE in
dependence from injection current density. With a simulta-
neous EQE increase and the lower voltage drop across the
device, LEDs’ overall WPE increases drastically with the
introduction of hydrogen passivation. As shown in Fig. 5(c),
the WPE peak value has increased from 0.64% to 1.7% and
from 1.38% to 2.55% in the case of 20× 20 μm2× 100-chips
and 100× 100 μm2× 4-chips LED arrays, respectively.
Therefore, LED’s WPE has increased 2.6 times in the case of
20× 20 μm2× 100-chips array and 1.8 times in the case of
100× 100 μm2× 4-chips array. A sufficient increase in
device efficiency, especially in the case of smaller LED
pixels, makes the hydrogen passivation of p-GaN sidewalls a
promising technology for μLED display application.
In this work, we demonstrated the efficiency enhancement

of the InGaN μLEDs by hydrogen passivation. We have
shown a convenient way to increase LED EQE and WPE.
The technology does not require additional photolithography
patterning, and the process can be carried out in any PE/
PECVD chamber equipped with a hydrogen source and RF
plasma generator. Overall, reduction of the non-radiative
recombination intensity positively impacts the device life-
time. The devices’WPE has been shown to increase up to 2.6
times. This is a promising technique for fabricating efficient
micro-LED chips and displays.
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Fig. 5. (Color online) (a) On-wafer output power of μLED arrays versus
injection current density, (b) on-wafer EQEs, and (c) on-wafer WPEs of
μLED arrays.
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