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Role of Intrinsic Surface States in Efficiency Attenuation of
GaN-Based Micro-Light-Emitting-Diodes

Fulong Jiang, Byung-Ryool Hyun, Yi Zhang, and Zhaojun Liu*

The effects of an intrinsic nonpolar surface on internal quantum efficiency (IQE)
are numerically investigated for gallium nitride (GaN)-based micro-light emitting-
diodes (p-LEDs). It is found that due to the modulation of the surface density of
states, the surface energy band bends upward, and valence band holes are
naturally pushed toward the surface and are accumulated at the surface, resulting
in significant nonradiative recombination. Consequently, the intrinsic surface
states remarkably affect the IQE of pu-LEDs with a size of less than 30 pm due to
the large surface-to-volume ratio, whereas the IQE of devices with a size of more
than 30 um is relatively insensitive to the intrinsic surface states. IQE starts to
decrease for devices with a size of 30 um, even without considering sidewall
damage. In particular, starting from a size of 10 pm, p-LEDs suffer a significant
efficiency loss and the peak current density shifts to a higher value. The results
open the way to improving device performance of p-LEDs down to 1 pum and
beyond, by incorporating surface band engineering combined with surface

passivation over the full range of microdisplay applications.

In recent years, GaN-based micro-light-emitting-diodes (u-LEDs)
have emerged as the next-generation displays due to their
excellent properties over liquid crystal displays (LCDs) and
organic light-emitting diodes (OLEDs) such as high brightness,
fast response, and low power consumption."™ These features
make them a most promising platform in high-end display appli-
cations such as mobile phones, wearable watches, augmented
reality(AR)/virtual reality (VR) displays, which need high lumi-
nance, high pixel per inch (ppi), and high refresh rates.**!
Especially for the AR/VR displays, the shorter viewing distance
(~60 mm) requires a 1455 ppi because of the human eye resolu-
tion acuity of about 60 pixels per degree.l®) Such a high ppi neces-
sitates the subpixel size to be shrunken down to a few
micrometers (<5 pm).I"! In such a small size range, the external
quantum efficiency (EQE) of p-LEDs shows a significant reduc-
tion and the current density for the peak EQE shifts to higher

Dr. F. Jiang, Prof. B.-R. Hyun, Prof. Z. Liu

Department of Electrical and Electronic Engineering
Southern University of Science and Technology

Shenzhen 518055, China

E-mail: liuzj@sustech.edu.cn

Prof. Y. Zhang

Institute of Photoelectric Thin Film Devices and Technology
Nankai University

Tianjin 300350, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssr.202000487.

DOI: 10.1002/pssr.202000487

Phys. Status Solidi RRL 2021, 15, 2000487

2000487 (1 of 7)

values.!® Thus, p-LEDs with a size of less
than 5 pm may not meet the requirement
for the minimum peak brightness in
AR/VR display applications.™"

Recently, it has been reported that chem-
ical treatment and sidewall passivation
eliminate the size-dependent efficiency
decrease for p-LEDs with a size down to
10 ym.”® However, p-LEDs with a size
smaller than 10 pm still suffer severe effi-
ciency loss even with chemical treatments
and passivation.” The previous studies
have shown that the decreased EQE of
p-LEDs with size was attributed to the
increased nonradiative surface recombina-
tion with decreasing size.®™* Therefore,
extensive studies have been devoted to
remove nonradiative recombination cen-
ters in the fabrication process of p-LEDs
and, as a result, dramatic improvements
of the EQE have been achieved.'® For
example, using a combination of KOH chemical treatment
and atomic layer deposition (ALD) for sidewall passivation, the
EQE of p-LEDs ranging from 10 to 100 pm reached about 23%
with size independency.”) Chemical treatments using KOH or
TMAH solution have been performed to reduce the sidewall
damage of GaN-based p-LEDs induced from the inductively cou-
pled plasma etching process. Nevertheless, the EQEs of p-LED
with a size smaller than 30 um are still far below the efficiency
of blue LEDs for solid-state lighting (SSL) (~80%)."”! Recently,
Smith et al. utilized an ingenious fabrication process to achieve
p-LEDs with size down to 1 pm, and the EQEs of the fabricated
blue p-LEDs begin to reduce significantly from sizes below 10 pm
even though the sidewall damage was removed. Thus, external
effects are supposed to be very small on the observed EQE
reduction. The modified ABC model introducing the surface
recombination velocity multiplied by the coefficient of the
surface-volume ratio was used to explain qualitatively the
observed variation tendency.l! However, the physical mecha-
nism of efficiency loss in p-LEDs is still unclear.

Further, for nitride materials, the surface recombination
velocity is much smaller than that of AlGalnP materials, as well
as the ambipolar diffusion coefficient of the nonequilibrium car-
rier with a value of about 1.7 cm?* s~ .'*'® The diffusion length
of the excitons for nitride materials is about 200 nm.*” Thus, for
GaN-based p-LEDs, carrier diffusion from bulk to the surface
should not cause such a big efficiency attenuation. Motivated
by these initial results and physical properties of nitride materi-
als, the intrinsic surface effect on the efficiency loss of pu-LEDs is
studied in the wide size range of 1-300 pm. Our results show that

© 2020 Wiley-VCH GmbH

8508017 SUOWILLOD dAEa.D) 3|qedl|dde ayy Aq peusenob aJe sajoie O 9sn JO SajnJ o} Areiqi8uljUO 8|1/ UO (SUONIPUOD-PUe-SWLBY/LIO" AS | A1 1 pUIUO//:SANY) SUONIPUOD PuUe SWie | 8u1 88S *[220z/0T/7T] uo AriqiTauljuo Ae|im ‘AisieAlun uewerx Aq /8r000202 55Sd/200T 0T/I0p/LI0o A8 | Arelq 1 pul|uoy/:sdiy Wouy papeoumoq ‘Z ‘1202 ‘0229298T


mailto:liuzj@sustech.edu.cn
https://doi.org/10.1002/pssr.202000487
http://www.pss-rapid.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssr.202000487&domain=pdf&date_stamp=2020-12-23

ADVANCED
SCIENCE NEWS

gsisIrrI
- =
Suds

physica

www.advancedsciencenews.com

the upward bending of surface energy gives rise to the hole
accumulation near the surface, leading to nonradiative surface
recombination and thus, causing significant efficiency loss in
small-sized (<10 pm) devices.

Considering the application of p-LEDs to microdisplays, the
sapphire or silicon substrate should be removed. Hence, the
device in our study is considered as a vertical structure,
with the positive and negative electrodes located above and below
an active layer, respectively. The schematic diagram is shown in
Figure 1. The vertical structure can also avoid the influence of the
current crowding effect. The device structure consists of a 3 pm-
thick n-GaN layer with Si doping concentration of 5 x 10" cm ™3
and a slightly doped single-period 3 nm Ing13GaggsN/10 nm
GaN quantum well (QW). The GaN spacer with a thickness
of 15nm above the QW is considered, followed by a 20 nm
p-Aly15GaggsN layer as the electron blocking layer (EBL) and
200nm p-GaN layer. The doping concentrations of EBL and
p-GaN are set to 1.2 x 10" cm>.">?) It should be mentioned
that, due to the N vacancies and O impurities, the unintentionally
doped GaN has high background carrier concentration.**! Hence
the QW and GaN barrier are set to have a slightly doped donor
level of about 2 x 10'® cm ™. ATLAS simulator (Silvaco) is used
to perform device simulation, by solving Poisson’s equation and
carrier continuity equation based on a series of physical models.
All p-LEDs have the same parameters, except for the chip size.
The Shockley—Red—Hall (SRH) recombination lifetime of the
carriers is set to 1 x 107 s.!"”! The radiative recombination coef-
ficient B and the Auger recombination coefficient C are set to
2.1x 107" and 1 x 107 cm®s™!, respectively.***>) The band
offset ratio, AE./AE, is set to 70:30.%) The surface recombina-
tion velocity is set to 5 x 10* cm s~ .18

The parameters of surface states must be carefully selected.
The calculations based on density functional theory (DFT) show
that the m-plane of GaN consists of buckled Ga—N dimer aligned
along the [0001] direction in the outermost layer, which has an
energy-stable and unreconstructed surface feature.*?! The dan-
gling bonds of the Ga atoms and N atoms introduce surface
states named S, and Sy, respectively. The energy of Sg, is close
to the conduction band minimum (CBM) and has a dispersion,
which makes the surface states energy extend toward the middle
of the bandgap. Furthermore, the unoccupied S, states give rise
to the pinning of the Fermi level at GaN m-plane, which leads to
an upward surface band bending with about 0.6eV.2***

p-GaN —
p-AlGaN —

n-GaN —

Figure 1. The schematic diagram of the p-LED device structure.
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Considering the earlier reasons, the surface states were
introduced into the p-LED model. The density of the surface
states is set to 1 x 10" cm™ with a capture cross section of
2 x 107" cm™ based on the reported experimental values.!*>**!

First, the effect of surface states on the energy band near the
surface is investigated. Due to the energy difference between
the bulk Fermi level and surface states, electrons could diffuse
to the surface and occupy the Ga dangling bonds, leading to the
surface depletion region and making the surface band bending
upward. Meanwhile, electrons in the surface depletion region are
driven by the depletion field and drift from surface to the bulk, to
form a dynamic equilibrium state. The depletion width was cal-
culated using the drift-diffusion transport model incorporating
the states of surface dangling bonds.*! For the equilibrium state
of p-LEDs with a size of 1 um, the energy band of the QW along
the [1100] direction is shown in Figure 2a. The results show the
upward band bending (V},) with 0.6 eV at the surface and the
surface depletion region with a depth of about 40 nm. At zero
bias, the surface band bending is caused by the transfer process
of electrons which occupy the unoccupied Ga dangling bond, giv-
ing rise to the pinning of the Fermi level at the surface. The cal-
culated results are consistent with the experimentally reported
values in GaN nanostructures.””?® As carreir density increases,
the electronic quasi-Fermi energy level moves upward and the
surface states below the electron quasi-Fermi level are occupied.
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Figure 2. a) The cross-section view for the band structure conduction
band minimum (CBM) and valence band maximum (VBM) of the QW
at equilibrium state. b) The cross-section view for the band structure of
the QW with current density from 0 to 25 Acm ™2
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Finally, it results in the reduction of V}, as well as the depth of the
surface depletion region, as shown in Figure 2b. Interestingly, at
the beginning of the current density’s increase, Vj;, does not
change, whereas the surface depletion depth decreases. Then,
as the current denisty increases further, the Vi, shows a signifi-
cant decrease. At the current density of 5.6 Acm ™%, Vi, and the
surface depletion depth decrease to 47 meV and about 10 nm,
respectively.

The relationship between Vi, and current density is shown in
Figure 3a. V};, decreases with increasing current density and
then increases with the adversative point. The adversative posi-
tion of V,, shifts to a higher current density with decreasing size.
A similar shift occurs in the current density of the peak IQE.
As the current density increases further from the adversative
point, band bending starts to increase again. When voltage is
not applied to a device, the electrons occupying the surface make
it negatively charged, resulting in upward band bending with
0.6 eV in our case. As carriers begin to inject into the QW, holes
in the surface depletion region drift to the surface and compen-
sate a part of the negative surface charges, casusing the reduction
of upward band bending. With a current density higher than the
adversative point, due to higher electron injection of GaN-based
p-LEDs, more electrons flow into the QW and occupy the sur-
face.”” The total amout of the negative surface charges starts
to increase and it results in upward band bending again. For
all the p-LED devices, the minimum values of Vi, are about
45 meV.
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Figure 3. a) The surface band bending varied with current density. b) The
proportion of holes accumulated on the surface varied with the current
density.
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Due to the upward bending of the surface energy band, holes
redistribute near the surface. In p-LEDs, holes tend to accumu-
late near the surface, leading to nonraidative surface recombina-
tion. So, the hole accumulation behavior is quantitatively
analyzed at the surface with the depth of 6 nm, as shown in
Figure 3b. The depth is extracted from the surface depletion
region with current density at the peak IQE. Then, the holes pro-
portion was calculated by dividing the number of holes in the
surface depletion region by the number of holes in the QW.
The result shows that the hole ratio at the surface decreases
as the current density increases. From the results, as the current
density increases, the accumulated holes at the surface reach the
maximum level and the rest of the holes tend to stay in the bulk.
Thus, the ratio of the surface holes to the total holes in the QWs
decreases. In particular, the hole accumulation is more signifi-
cant for p-LEDs with a size of less than 10 pm. p-LEDs in micro-
displays have to operate at a low current density (<20 Acm™?).
Thus, this expected to make the device performance of p-LEDs
worse with decreasing size.

The hole accumulation at the surface of InGaN multiple quan-
tum well (MQW) LED is experimentally confirmed using the wet
etching of LED micropillars. The wet etching of nitride materials
involves oxidation of the semiconductor surface and the subse-
quent dissolution of the resulting oxides. The oxidation process
requires the involvement of only holes at the surface, which can
be strong evidence for the accumulation of holes at the surface.
The relevant chemical reaction can be expressed as

2GaN + 60H™ + 6].’1Jr — Gazo3 —+ 3H20 + N2 (].)

In chemical etching without electrical contact, the holes
are usually supplied by the photon energy higher than the
bandgap or by adding the oxidizing agent, which depletes valence
band electrons and generate holes at the surface. However, in
our experiment, wet etching is conducted in KOH solution
(2mol L™, 80°C) without UV illumination and an oxidizing
agent. Therefore, the etching speed is dependent on only hole
concentration at the surface of the LED device. Higher hole accu-
mulation leads to a higher etching rate by the fast oxidation pro-
cess. Thus, the area of LEDs with higher hole concentration at the
surface is expected to have a deeper etch depth. The commericial
LED wafer (Changelight Co., Ltd) is used and the detailed LED
structure used for the experiment can be seen in the
Experimental Section. The LED micropillars are prepared by pho-
tolithography and subsequent etching processes. Figure 4a
shows the scanning electron microscopy (SEM) image of the
trapezoid-shaped LED pillar array after fabrication, i.e., no etch-
ing process. The top diameter and height of each pillar are ~2
and ~1.2 um, respectively. After 40 min of etching in KOH, the
sidewall of the pillar becomes vertical due to the anisotropy of
etching on different crystal plane, as shown in Figure 4b.
After 2 h of etching in KOH, the pillar shape is further changed
Dby the different etching depths casued by the different hole con-
centrations on the sidewall of the pillar, as shown in Figure 4c,d.
The SEM image of the single LED pillar in Figure 4d shows that
the bottom side of the pillar has a more deeper etching depth due
to higher hole concentration. As expected, it shows that the diam-
eter of n-GaN and MQWs is smaller than that of p-GaN, which
indicates that the etching rates for n-GaN and MQWs are larger
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Figure 4. a—c) SEM images of the LED micropillars without wet etching (a), after 40 min etching in KOH (b), and after 2 h etching in KOH (c). d) The SEM

image of the single pillar after 2 h etching in KOH.

than that of p-GaN. The morphology change of the LED micro-
pillars by wet etching is key evidence for hole accumulation at the
surface of the active layer of InGaN p-LEDs.

The calculated hole concentrations near the nonpolar surface

for the 1pm p-LED with current density of 12.5Acm™? are

(a) Hole concentration
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shown in Figure 5a. In the QW, due to the polarized electric field,
the holes distribute near the GaN barrier. The hole concentration
at the surface is higher than that in the bulk for both the QW and
GaN barrier. The hole concentration at the surface of QW is
about 4.3 x 10" cm ™ whereas that in the bulk QW is about

(b) SRH recombination Rate
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Figure 5. a) The cross-section view for the hole concentration with current density of 12.5 A cm ™2, b) The cross-section view for SRH recombination rate
with current density of 12.5Acm ™2 (The color level is displayed with 10" scale).
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3.5 x 10" cm 3. Due to the hole accumulation at the surface, a
significant nonradiative recombination could occurr near the
surface region with a depth of 6 nm, as shown in Figure 5b.
In addition to the QW, significant surface recombinaiton also
occurs at the GaN barrier.

Now, let us turn our attention to the effect of nonradiative
recombination near the surface on the IQE of p-LEDs. IQEs are
calculated for p-LEDs with size between 1 and 300 pm as a func-
tion of curent density, as shown in Figure 6a. The IQE is obtained
by dividing the integration of radiative recombination in the QW
with that of the recombination in p-LEDs. As the size decreases
from 300 to 30 um, the IQE only decreases from 57.7% to 51.3%,
whereas the peak current density shifts from 14.7 to 15.1 A cm™2
(Figure 6b). In this size range, the hole proportion at the surface
on the peak current density is less than 0.02%, as shown in
Figure 3b. Therefore, the change of IQEs and the shift of the peak
current density are negligible, i.e., almost size independent, which
is consistent with the reported experimental results.”! In the size
range from 30 to 10 pm, the IQE starts to exhibit an obvious atten-
uation, from 51.3% to 40.9%, whereas the peak current density
only increases from 15.1 to 15.6 A cm ™2, Significant change occurs
in the size range from 10 to 1 pm. The IQE decreases from 40.9%
to 10.1% whereas the peak current density increases from 15.6 to
21.9Acm 2 In this region, p-LEDs show the size-dependent

(a)

(b)
Yy 122
E
50 + &3
S 420 <
< 40t >
m =
o ——IQE 118 §
= 30} : =
—— Current density =
i [}
2015 116§
@)
lo [ 9
1 1 1 14
1 10 100
Chip size (um)

Figure 6. a) The IQE of the pLEDs with size from 1 to 300 um as a function
of current density. b) The maximum IQE and the peak current density
versus the pLEDs size.
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feature. It is worth noting that the surface damage is not consid-
ered in our model. Hence, in this region, the efficiency attenuation
and the shift of the peak current density are entirely caused by the
nonradiative surface recombination that originates from the
intrinsic surface property.

The study with the GaN-based nanowire LEDs shows that the
surface band bending causes carrier redistribution and largely
affects carrier injection efficiency, giving the similar result
shown in Figure 3b.12°] As the p-LED size decreases, the hole
accumulation at the surface becomes more serious. The accumu-
lated holes due to the upward bending of the surface energy band
have a great influence on the IQE and peak current density,
especially for the p-LEDs with a size <10 ym. In Figure 7, the
extracted Vy, varying with current density shows clearly that
the minimum Vy,, (white line) increases to a higher current den-
sity with decreasing size. In the size range from 3 to 1 pm, the
minimum Vj,;, shows significant movement toward a higher cur-
rent density. The peak current densities are marked with red
stars, showing that the variation tendency of the peak current
density is similar to that of band bending.

Based on our results, the effect of the intrinsic surface property
on the efficiency of p-LEDs is proposed in the schematic diagram
of Figure 8. The dangling bonds of the Ga and N atoms form
two surface bands with the energy close to the CBM and VBM,
respectively.?2** The previous calculation shows that, due to dif-
ferent electronegativities, charge tranfers from the Ga atoms to the
N atoms, causing Sy to be occupied and S¢, to be unoccupied, give
rise to the Fermi energy to be pinned at GaN m-plane.*’
Furthermore, Sy could be resonant with the bulk valence band
at the T point, which offers transition posibility between the elec-
trons occupied on Sy and the holes located beside the surface.*?
As the carrier is injected into the QW, holes are driven by the
surface depletion field and drift to the surface region, causing
nonradiative recombination with the electrons occupied on the
N-deprived states. The asymmetric carrier injection and transport
of GaN-based LEDs have been well known as the bottlenecks for
improving device performance.” The large ionization energy of
the dopant Mg causes hole concentration to be lower than that of
electrons.?® Therefore, hole accumulation and nonradiative
recombination at the surface further deteriorate the device perfor-
mance and result in a significant efficiency loss on p-LEDs with

Peak position of IQE * Abb (meV)
35 I 61
E 30 59
< 2 56
%‘ 5 54
% 15 52
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S s

48
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Figure 7. The surface band bending value versus the current density for
the pLED with size from 1 to 10 pm, and the current density for the peak
IQE is marked as stars.

1 2 3 4 5 6 7 8 9 10
Chip size (um)

© 2020 Wiley-VCH GmbH

3SUS017 SUOWILIOD dAIFER1D) 3|qed!jdde au) Aq pousenob ke sappiie YO (88N JO s3I 10} Ariq1T aul|UO AS|1M UO (SUOHIPLOD-PUe-SUWLBH WD A5 1M ALeIq U1 UO//SANY) SUORIPUOD PUB S L 8U3 39S *[2202/0T/7T] U ARiqiauliuo AB|im ‘Aisieaiun uawelx Ag /87000¢0¢ Ssd/z00T OT/10p/iod" 3| imArelq i pul|uoy/sdny Wwoy papeo|umod ‘g ‘TZ0Z ‘0.29¢98T


http://www.advancedsciencenews.com
http://www.pss-rapid.com

ADVANCED
SCIENCE NEWS

PiSiS™”
by

physic

www.advancedsciencenews.com

www.pss-rapid.com

S .
1~ 17100 Surface depletlonfield;i § oN @ Gaorin % Hole
- ° ° ° ° & s :
» |

y . AAAAS E §_ Q (/‘:\sca

; o ( [} o [} d 2 Eqrn 7

P4 o o [ o .

=2 Drift to the surface CBM

° o > o
o o [ [ [

Figure 8. The schematic diagram of surface recombination model.

size less than 10 pm. Therefore, surface band engineering, which
is used in water splitting with group-III nitride nanostructure,
could be required to improve the efficiency of small-sized p-LEDs
accompanying surface passivation."

The influence of the intrinsic surface for GaN-based p-LEDs is
investigated to illustrate the efficiency attenuation behavior in
small-sized p-LEDs. Our results strongly indicate that hole accu-
mulation due to the upward bending of the surface energy band
is the main physical mechanism for nonradiative recombination
between the electrons occupied at N atoms of the surface and
holes at the surface. This results in a significant efficiency loss
in p-LEDs with size <10 pym. Thus, we propose the passivation
with purposive surface energy band engineering in the p-LED
fabrication process to improve the device performance of
small-sized GaN-based p-LEDs.

Experimental Section

The commercial-grade blue LED wafer from Changelight Co., Ltd, was
used for chemical etching. The LED structure is shown in Figure 9. First,
200 nm silicon oxide (SiO;) was deposited using plasma-enhanced

p-AlGaN—

InGaN/GaN
MQWs x8

electron reservior
layers x5

n-GaN —

UID GaN —

Sapphire—

Figure 9. The cross-sectional schematic of the blue LED wafer.
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chemical vapor deposition (PECVD). A circle mesa with a diameter of
2pm was defined by ICP to etch down through the SiO, to n-GaN.
Finally, the SiO, layer was removed using buffered oxide etch (BOE) solu-
tion. Then, the sample was treated with KOH solution with 2 mol L™ at
80°C at different times.
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