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Abstract 

Here we report a comprehensive numerical study for the operating behavior and physical mechanism of nitride 

micro-light-emitting-diode (micro-LED) at low current density. Analysis for the polarization effect shows that micro-

LED suffers a severer quantum-confined Stark effect at low current density, which poses challenges for improving 

efficiency and realizing stable full-color emission. Carrier transport and matching are analyzed to determine the 

best operating conditions and optimize the structure design of micro-LED at low current density. It is shown that 

less quantum well number in the active region enhances carrier matching and radiative recombination rate, leading 

to higher quantum efficiency and output power. Effectiveness of the electron blocking layer (EBL) for micro-LED is 

discussed. By removing the EBL, the electron confinement and hole injection are found to be improved simultane-

ously, hence the emission of micro-LED is enhanced significantly at low current density. The recombination processes 

regarding Auger and Shockley–Read–Hall are investigated, and the sensitivity to defect is highlighted for micro-LED at 

low current density.
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Introduction
Group-III nitride based visible light-emitting diodes 

(LEDs) have a wide range of applications including sig-

nals, optical communication, information storage, 

backlights, displays, and general lighting (or solid-state 

lighting) [1, 2]. Since the first demonstration of InGaN 

micro-disk LED with a diameter of 12  μm by Jiang and 

his co-workers in 2000 [3, 4], the micro-LED has received 

expanding academic and industrial interests in the fields 

of high-resolution displays, visible light communica-

tion, bio-medicine, and sensing [5–8]. Compared with 

liquid–crystal display (LCD) and organic light-emitting 

diode (OLED), micro-LED has advantages of small size, 

high resolution, high luminous efficiency, high bright-

ness, high color saturation, long operating lifetime, high 

response speed, and robustness, which make it the most 

promising candidate for the next generation display 

technology [9, 10]. Application scenarios of micro-LED 

display include high-end televisions (TV), laptops, hand-

held and mobile terminal devices, virtual reality (VR), 

augmented reality (AR), transparent display, and so on. 

According to Yole’s estimate, the market of micro-LED 

display will reach 330 million units by 2025 [11].

Traditional applications of group-III nitride LEDs, 

especially solid-state lighting, require the optical out-

put power to be as high as possible [12]. In the last three 

decades, motivated by high-power applications, the 

modern research for nitride LEDs, including the design 

and optimization of the epitaxial structure, the study of 

the operating behavior and physical mechanism of the 
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device, and the improvement of fabrication technology, 

is mainly focused on the large chip, high working cur-

rent density, and high input/output power [12, 13]. Fore-

most, the active region of nitride LED has evolved from 

the simplest heterostructure and single quantum well 

(QW) at the early stage to today’s multiple quantum wells 

(MQWs) with 5 periods QWs, and the QW number even 

can reach 8 or 10 for several commercialized high-power 

devices [14–17]. �e EBL was proposed to block the leak-

age of electrons at high injection current density, even it 

also can impede the hole injection at some certain level 

[18, 19]. For conventional high-power LEDs, the most 

substantial issue is the reduction of the external quan-

tum efficiency (EQE) with the increased current density, 

which is known as efficiency droop. �e intrinsic mech-

anism of this behavior is related to the indirect Auger 

recombination at high injected carrier density [20]. As 

for the fabrication, thin-film flip-chip and vertical injec-

tion geometry are developed to expand the power level of 

nitride LEDs [21, 22].

Considerable advances have been made for the tra-

ditional large-size high-power nitride LEDs, and some 

of the lessons learned can be leveraged for the study of 

micro-LEDs. However, micro-LEDs are still far different 

from their high-power counterparts. �e different oper-

ating behaviors, mechanisms, and conditions of micro-

LED can result in different challenges and research 

pathways [23, 24]. For traditional LEDs, the peak EQE 

is located at high current density, and the working cur-

rent density is high and beyond the peak efficiency (> 30 

A   cm−2). But for the micro-LED emissive display, the 

working current density should be much lower and often 

in the range of 0.02 to 2 A   cm−2 [24]. At this low cur-

rent density, the EQE of traditional nitride LED is very 

low and not sufficient for the practical micro-LED display 

applications. By utilizing the benefits of V-pit to screen 

dislocations and enhance hole injection, Zhang and his 

co-works have created efficient InGaN-based LEDs with 

peak efficiency up to 24.0% at 0.8 A/cm2. However, the 

LED chips reported by Zhang et  al. is still limited to of 

tranditional size (1  mm × 1  mm), which is much larger 

than that of micro-LED [25]. Moreover, many works have 

reported that the internal quantum efficiency (IQE) and 

EQE of micro-LEDs decrease as the chip size is reduced 

[26–28]. �is size-dependent degradation is mainly 

attributed to the surface recombination and the sidewall 

damages induced by plasma-assisted dry etching. �ese 

side-wall effects contribute to the Shockley–Read–Hall 

(SRH) non-radiative recombination, then decrease the 

quantum efficiency, and become much more serious with 

a smaller chip size because of the larger specific surface/

side-wall area compared with the active region of the 

device [29–31]. To address this issue, sidewall passivation 

using dielectric materials and wet etching using buffered 

hydrofluoric acid or photoelectrochemical method were 

proposed to minimize these effects to a certain level for 

the micro-LED [31–33]. However, even improved by 

the sidewall passivation, the peak EQE of micro-LEDs 

(with a size smaller than 60 μm) is still lower than 25%, 

and dramatically decreased to several percent at a cur-

rent density lower than 2 A  cm−2 [34, 35]. Especially for 

the InGaN-based red micro-LED, the currently reported 

EQE is quite limited to lower than 1%, due to the strong 

polarization and poor crystal quality [36]. Moreover, 

with the chip size reduced, the position of peak EQE also 

moves to a higher current density, which will further 

impede high efficiency at low current density [26].

�erefore, improving quantum efficiency at low cur-

rent density becomes the large challenge and criti-

cal scientific issue for the micro-LED emissive display 

application. For this purpose, peak efficiency should be 

increased, and the onset position of efficiency should 

be shifted to an appropriate lower current density. Pre-

viously works mainly focused on the improvement of 

fabrication technology such as sidewall passivation. To 

improve efficiency, investigating the operating behav-

iors and physical mechanisms of micro-LED at low 

current density, which is still relatively unexplored and 

lack understanding, is also essential. In addition, to cre-

ate device that can improve the efficiency at low current 

density with a maximum value, the epitaxial structure 

of micro-LED also needs to be re-designed and opti-

mized, which should be quite different from their tra-

ditional large-size high-input/output counterparts. For 

now, the specifically designed epitaxial structure for the 

micro-LED emissive display operating at low current 

density remains lacking.

In this work, the unique challenges of micro-LED for 

the display application operating at low current density 

are highlighted, and potential solutions to address them 

are proposed. Using the software Advanced Physical 

Model of Semiconductor Devices [37], we numerically 

investigate the operating behaviors and physical mecha-

nisms of InGaN micro-LEDs at various current density 

from 200 to 0.1 A/cm2. �e band diagram, wavefunction, 

and polarization field are simulated and analyzed for the 

QCSE of micro-LED, and a severer QCSE at low current 

density is confirmed. Influences of QW number, p-type 

doping concentration and AlGaN EBL on the carrier 

transport, carrier matching, radiative recombination and 

quantum efficiency of micro-LED are investigated sys-

temically. �e effect and mechanism regarding the SRH 

and Auger recombination are also discussed. Based on 

the simulation and analysis, an optimized epitaxial struc-

ture specifically designed for micro-LED operating at low 

current density is proposed.
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Device Structures and Simulation Methods
In this study, the common structure of blue InGaN 

micro-LED with a rectangular chip size of 60 × 60  μm 

and a peak emission wavelength around 465 nm is used 

for the simulation. Figure  1 shows that the blue micro-

LED is composed of 200 nm n-GaN layer, MQWs active 

region, 20  nm p-Al0.15Ga0.85  N EBL and 150  nm p-GaN 

layer. �e MQWs active region consists of 8, 5, 3, 2 or 1 

periods with 2.5-nm-thick  In0.25Ga0.75 N QW embedded 

in 10-nm-thick  In0.05Ga0.95 N quantum barrier (QB). �e 

In composition of MQWs is adjusted and optimized to 

achieve the desired blue emission wavelength. �e dop-

ing concentration of n-GaN, p-AlGaN EBL, and p-GaN 

are 2 ×  1018   cm−3, 3 ×  1018   cm−3, and 1 ×  1019   cm−3, 

respectively.

�e optical and electrical properties of micro-LEDs are 

numerically investigated using the software Advanced 

Physical Model of Semiconductor Devices [37]. In the 

simulation, 50% of the interface charge densities caused 

by spontaneous and piezoelectric polarization is assumed 

[38]. Except for the specifically mentioned, the SRH 

lifetime and Auger recombination coefficient are set as 

100  ns and 1 ×  10–31  cm6s−1, respectively [39, 40]. �e 

band offset ratio is assumed 0.7/0.3 [41], the light extrac-

tion efficiency is fixed at 70%, and the operating tem-

perature is 300 K. Other material parameters used in the 

simulation can be found in Ref [42].

Results and Discussions
�e Wall-plug efficiency (WPE) of LED can be expressed 

as follows:

where Pout denotes the optical output power, Iop is the 

operating current, V is the drive voltage, ℏω is the pho-

ton energy, and ηelect is the electrical efficiency. EQE ηEQE 

is a product of current injection efficiency (CIE) ηCIE, 

IQE ηIQE and light extraction efficiency (LEE) ηLEE, as 

descrebed by the following equation:

Furthermore, according to the ABC model [43], ηIQE 

can be expressed as follows:

where Rrad is the radiative recombination rate, RSRH is the 

SRH non-radiative recombination rate, and RAuger is the 

Auger recombination rate. Figure  1 shows the different 

kinds of efficiency and the related physical mechanisms 

and factors.

Rrad and CIE must be maximized, electrical efficiency 

and LEE must be improved, and SRH and Auger recom-

bination must be reduced to improve the overall effi-

ciency of micro-LED operating at low current density. 

System-level approaches are required to address all these 

challenges. Except for light extraction, these challenges 

will be discussed in the following sections, and poten-

tial solutions for creating efficient epitaxial structure of 

micro-LED will also be proposed.

(1)WPE =

Pout

Iop × V
= ηEQE

�ω

e × V
= ηEQE × ηelect,

(2)ηEQE = ηCIE × ηIQE × ηLEE.

(3)ηIQE =
Rrad

Rrad + RSRH + RAuger
,

Fig. 1 Schematic illustration of the InGaN/GaN-based blue light-emitting-diode used for the simulation and the analysis of efficiency for LED
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QCSE at Low Current Density: Internal Polarization Field

Polarization-induced QCSE is one of the dominant fac-

tors that limit the IQE of nitride LED [44]. QCSE has 

been widely studied for the traditional large-size high-

power LED, but still lacks sufficient discussion in the con-

text of micro-LED specific applications. �erefore, this 

important effect is first investigated. �e active region 

of micro-LED discussed here is constructed by 5 period 

QWs, which is the most commonly used QW number for 

traditioanl nitride LED.

Figure  2a shows the energy band diagrams and the 

related first-level electron and hole wavefunctions of 

the fifth QW at 200 and 0.1 A/cm2. QB and QW experi-

ence a large band bending, leading to the spatial separa-

tion of electron and hole wavefunctions. Moreover, band 

bending is stronger at low current density, indicating a 

stronger QCSE. �is phenomenon is attributed to the 

weak screening effect with less nonequilibrium carriers 

at low injection current density (see Additional file 1: Fig. 

S1a-d, and related discussion) [41]. Figure 2b shows that 

a severer QCSE enhances the spatial separation of car-

rier wavefunctions at low current density, which leads 

to a lower radiative recombination rate. �e radiative 

recombination rates and EL spectra without and with 

polarization effect, i.e., without and with QCSE, are fur-

ther calculated to show how the electron–hole separation 

quantitatively reduces emission at low current density. 

Figure  2c, d shows that the integral intensity of radia-

tive recombination rate and EL intensity are reduced 

approximately 84.0% and 72.3% by QCSE, respectively. 

�ese results indicate that it is more difficult to improve 

the efficiency for micro-LED than their traditional high-

power cousions due to the enhanced QCSE at low cur-

rent density.

Moreover, the accurate and stable control of emis-

sion wavelength at different injection current densities 

is critical for micro-LED display, because it determines 

various important parameters, such as brightness, color 

accuracy, and saturation. However, a severer QCSE at 

low current density makes this a large challenge, espe-

cially for green and red micro-LEDs that require a 

higher Indium composition. As a direct result of the 

increased band bending in InGaN QWs with a higher 

Indium composition and a stronger QCSE, the wave-

length shift versus current density becomes more pro-

nounced due to the screening effect. �e EL spectra 

Fig. 2 a Energy band diagrams and the related first-level electron and hole wavefunctions of the fifth QW at 200 and 0.1 A/cm2, respectively. b 

Separation distance of the peak position of electron and hole wavefunctions at 200 and 0.1 A/cm2, respectively. c Radiative recombination rates 

and d EL spectra calculated at 0.1 A/cm2 without and with polarization, respectively. e Color points created from the blue, green, and red LEDs with 

current density from 0.1 to 20 A/cm2 plotted on the 1931-CIE (x, y) chromaticity diagram
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of InGaN-based red, green, and blue micro-LED with 

various current densities are further calculated to show 

how the spectra shift affects color points in the display. 

Additional file 1: Figure S2 shows that from 0.1 to 20 A/

cm2, the peak wavelengths blue shift by approximately 

15.8, 6.6, and 1.7  nm for red, green, and blue micro-

LED, respectively. �e color points created by com-

bining the red, green, and blue micro-LEDs are also 

calculated, as summarized in Additional file 1: Table S1. 

Figure 2e illustrates the corresponding 1931-CIE (x, y) 

chromaticity diagram. Clearly, the color of the emission 

from RGB micro-LEDs greatly changed from green to 

blue-green when current density increases. �e 1931-

CIE x value crosses from 0.1676 to 0.2084, and the 

1931-CIE y value crosses from 0.3891 to 0.3106. �is 

substantial change of color point versus current den-

sity greatly deteriorates the performance of micro-LED 

display.

Many reports have suggested several approaches to 

suppress the QCSE, such as using InGaN/AlGaN ultra-

thin superlattice barriers [45], InGaN/GaN/AlGaN/

GaN MQWs with GaN interlayer barrier [46], wrinkled 

MQWs [47], and inserting a strain-relief layer before 

MQWs [48]. But QCSE is induced by the intrinsic prop-

erties of c-plane nitride material. Several adjustments 

of MQWs are not sufficient to suppress this effect com-

pletely. Recently, a decent efficiency has been achieved 

for non-polar nitride LED. If the cost of non-polar GaN 

substrate can be reduced, non-polar LED can be a ideal 

solution for decreasing the QCSE and realizing stable 

full-color emision [49].

Carrier Transport and Matching

�e electron (Jn) and hole (Jp) current density can be 

expressed as follows:

where σn and σp denote the conductivity, n and p are the 

concentration, μn and μp are the mobility for the elec-

tron and hole, respectively, and E denotes the electric 

field. In nitride, hole concentration is an order of mag-

nitude lower than the electrocn [50], and hole mobility 

is two orders of magnitude lower than electron [51]. �is 

asymmetry of concentration and mobility leads to the 

mis-matching of carrier flux (Jn > Jp) and deteriorates the 

performance of LED in following two ways.

Current injection efficiency: Current injection efficiency 

ηCIE represents the ratio of the recombination current Jre-

comb to the total current Jtotal, as following equation [52]:

(4)Jn = σn|E| = nqµn|E|,

(5)Jp = σp|E| = pqµp|E|,

Jrecomb depends on the smaller one of carrier currents, 

i.e., hole current. Equation  (6) confirms that the carrier 

mis-matching (Jn > Jp) limits the maximization of CIE.

Radiative recombination rate: �e radiative recombina-

tion rate Rrad is described by Fermi’s golden rule as the 

following equation:

where C is a constant, Ecv is the transition energy, h is 

the Planck constant, νcv is the frequency of the gener-

ated light, ρr is the reduced density of states, fc and fv are 

the Fermi–Dirac distributions, and |MT|2 is the momen-

tum matrix element [53]. Less hole and additional elec-

tron accumulation in the QW can lead to the expansion 

of crystal lattice and the buildup of tensile strain. Under 

this stress variation, the charge densities of quantum lev-

els around the valence band maximum are reduced. �is 

further decresases the optical transition probability and 

reduces Rrad according to Eq. (7). In this manner, the local 

carrier mis-matching in a single QW also limits the IQE. 

More specific discussion about this topic can be found in 

previous reports [54–56].

In the following sections, the influences of QW num-

ber, p-type doping concentration, and EBL structure on 

the carrier transport will be analyzed to deterimine the 

best carrier matching conditions. Finally, an optimized 

epitaxial structure for the efficient micro-LED display 

operating at low current density will be proposed.

Carrier Mis-Matching in 5QWs

First, the carrier transport properties of blue micro-LED 

with 5QWs are simulated. �e distributions of carrier 

concentration at 200 A/cm2 and 0.1 A/cm2 are illustrated 

in Additional file 1: Fig. S3a and b, respectively. �e inho-

mogeneous distribution in 5 QWs can be observed both 

at high and low current densities. Additional file 1: Fig-

ure S3c and d shows that the electron mobility in MQWs 

(684  cm2V−1  s−1) is two orders of magnitude higher than 

the hole mobility (10  cm2V−1  s−1). Hence, electrons may 

just inject into, then pass through MQWs without par-

ticipating in the recombination, leading to the electron 

leakage problem and a low CIE [51].

Figure 3a shows the distribution of electron and hole 

current density at 200 A/cm2. Total hole current den-

sity (217.4 A/cm2) is only 65.2% of the electron (333.3 

A/cm2), indicating a severe mis-matching of carrier 

and a low CIE. �e leakage electron current is as high 

(6)

ηCIE =
Jrecomb

Jtotal
=

Jn - recomb + Jp - recomb

Jn + Jp
=

2 × Jp

Jn + Jp
.

(7)

Rrad = C × ∫ dEcvhvcv
∣

∣MT (Ecv)
∣

∣

2
ρr(Ecv)fv

(

1 − fc
)

,
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as 116.0 A/cm2, which deteriorates both the radiative 

efficiency and the hole injection. As shown in Fig.  3b, 

the leakage electron current is only 0.01 A/cm2, and 

the calculated ηCIE is as high as 95% at 0.1 A/cm2. �ese 

results indicate that achieving a high CIE is easier 

at low current density. However, except the 5th QW 

where Jp can be equal to Jn, the carrier mis-matching 

and additional electron accumulation are quite severe 

in other four QWs (QW 1, 2, 3 and 4) both at high and 

low current density. At 200 A/cm2, the electron current 

densities of these four QWs are 120, 43, 16 and 5 times 

higher than the hole current density (Fig. 3a). At 0.1 A/

cm2, they are 23, 9, 4, and 2 times higher than the hole 

current (Fig.  3b). Based on Eq.  (7), this great carrier 

mis-matching evidently decreases the radiative recom-

bination rate of these four QWs. �erefore, radiative 

recombination rates in these four QWs are just about 

3.4%, 4.0%, 10.1%, and 34.2% at 200 A/cm2, and 11.3%, 

10.1%, 10.7% and 21.2% at 0.1 A/cm2 compared with 

the 5th QW. �ese carrier mis-matching and low radia-

tive emission finally reduce the monolithic efficiency of 

micro-LED.

Factors In�uencing Carrier Transport and Matching

QW number: For traditional large-size LED operating at 

high current density, MQWs with 5, even 8 or 10 peri-

ods must be used to achieve a high optical output power. 

However, for the micro-LED emissive display, the output 

power is much smaller and the working current density 

is much lower. As discussed in the previous section, even 

at low current density, the carrier mis-matching remains 

quite severe in 5QWs, and only one QW can achieve the 

best matching condition. From this perspective, for the 

micro-LED operating at low current density, the active 

region with less QW number should be a better design 

for improving the efficiency due to the improved carrier 

matching.

�e effect of the QW number on the micro-LED is 

investigated to verify our assumption. Figure 4a–f shows 

the carrier current density and radiative recombination 

rate at 0.1 A/cm2 of LEDs with 3QWs, 2QWs, and 1QW, 

respectively. �e current curves have only one intersec-

tion point (one point of best carrier matching, Jn = Jp) due 

to the monotonically decreasing tendency of current, but 

with fewer QWs, as the cases of 3QWs and 2QWs, two 

intersection points can be achieved in two different QWs 

Fig. 3 Carrier current distribution of LED with 5QWs a at 200 A/cm2 and b at 0.1 A/cm2. Radiative recombination rates of LED with 5QWs c at 200 A/

cm2 and d at 0.1 A/cm2



Page 7 of 16Lu et al. Nanoscale Res Lett           (2021) 16:99  

(Fig.  4a, b). In other word, the carrier mis-matching in 

MQWs can be partially overcome with fewer QWs. Espe-

cially for the 2QWs, with appropriate adjustment, the 

perfect matching of carrier flux can be achieved in all two 

QWs. Radiative recombination rate is also higher in the 

2QWs than 3QWs and 5QWs because the carrier con-

sumption by the radiative recombination is more concen-

trated in the active region with fewer QWs (Figs. 3d, 4d, 

e). Undoubtedly, the best carrier matching is in the LED 

with only one QW, and the radiative recombination rate 

is also highest for the 1QW, as shown in Fig. 4c, f.

Figure  5a, b shows IQE as a function of the current 

density between 0 to 200 A/cm2 and 0 to 10 A/cm2, 

respectively. For a current density higher than 50 A/cm2, 

IQE decreases when the QW number is reduced. By con-

trast, IQE with a current density lower than about 30 A/

Fig. 4 Carrier current distribution of LED with a 3QWs, b 2QWs, and c 1QW at 0.1 A/cm2. Radiative recombination rates of LED with d 3QWs, e 

2QWs, and f 1QW at 0.1 A/cm2

Fig. 5 a IQE curves and b IQE curves at low current density of LED with 8, 5, 3, 2, and 1 QWs. c EL spectra of LED with 8, 5, 3, 2, and 1 QWs at 0.1 A/

cm2
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cm2 increases when QW number decreases. At 0.1 A/

cm2, IQE values for 8, 5, 3, 2, and 1 QWs are 55%, 62%, 

69%, 77%, and 78%, respectively. Moreover, as shown in 

Fig.  5b, the position of peak IQE also moves from 6.0 

A/cm2 in 8 QWs to the lowest current density approxi-

mately 1.2 A/cm2 in 2QWs. �e IQE curves at low cur-

rent density (< 1 A/cm2) also become steeper and sharper 

with a lower QW number, indicating that achieving the 

highest efficiency is easier and quicker. �is is quite ben-

eficial for improving the efficiency at low current density. 

�e physical mechanism behind this tendency of IQE 

can be explained by the better matching of carrier flux, 

and more concentrated, stronger radiative emission in 

the active region with fewer QW number. As shown in 

Fig. 5c, compared with 8 QWs, the integral EL intensity 

of 5, 3, 2, and 1 QWs at 0.1 A/cm2 are increased about 

6.1%, 14.8%, 28.4%, and 32.1%, respectively. �is result 

confirms that not only the efficiency but also the output 

power is improved with fewer QW number.

�e simulation results show that 1QW has the high-

est EL intenisty and maybe the best structure for 

micro-LED operating at low current density. However, 

experimentally, it is difficult to epitaxially grow just one 

QW which has flat surface and sharp interface. Moreo-

ver, for the 1QW structure, the position of peak IQE 

increases slightly to 2.9 A/cm2, and the shape of IQE 

curve also slightly changed. �is can be explained by the 

special circumstance of the single QW. Compared with 

other QWs, the QW adjoined to the EBL has a special 

polarization environment and it is considered as a “prob-

lem QW.” �is topic will be discussed with more details 

in the section of AlGaN EBL. Considering these reasons, 

the 2QWs should be the best active region design, which 

has the similar good matching of carrier flux, close IQE 

value, and EL intensity to 1QW. �erefore, in the follow-

ing sections, all simulations are based on the micro-LED 

with 2QWs.

P-GaN doping concentration: �e performance of 

2QWs LEDs with different p-type doping concentrations 

in p-GaN is further investigated. As shown in Fig.  6a, 

when the doping concentration of p-GaN increasing 

from 1 ×  1018  cm−3 to 5 ×  1019  cm−3, the radiative recom-

bination rates at 0.1 A/cm2 further increases about 3.1% 

and 3.0% for the two QWs. Figure  6b shows that the 

Fig. 6 a Radiative recombination rates of 2QWs LED with various doping concentrations in p-GaN. b Carrier current distribution with different 

doping concentrations in p-GaN. c Enlarged energy band diagrams of EBL with different doping concentrations in p-GaN. d Average hole 

concentration in p-GaN and QWs with various doping concentrations of p-GaN
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total hole current density increases from 0.157 to 0.162 

A/cm2, meanwhile, leakage electron current density is 

reduced from 0.009 to 0.005 A/cm2 with the increase of 

doping concentration. It’s worth noting that the recombi-

nation current in the QW near n-side is higher than the 

QW near p-side (Fig. 6b). �erefore, the radiative recom-

bination rate near the n-side QW is also slightly higher 

than that near the p-side QW. As shown in Fig. 6c, one 

can find that the energy barrier for carriers in EBL, which 

is defined as the energy distance between the electron/

hole quasi-Fermi level and the highest conduction band 

or lowest valence band, are almost unchanged under dif-

fernt doping concentration of p-GaN, that is, the hole 

injection is not improved by increasing doping concen-

tration. Figure  6d shows the average hole concentration 

in the p-GaN and QWs. �e hole concentration in the 

p-GaN is almost exponentially dependent on the doping 

concentration. Inside the QWs, the hole concentration 

is increased approximately twice from 1.59 ×  1019   cm−3 

to 3.08 ×  1019   cm−3 with a higher doping concentration. 

�ese results indicate that the increased hole concen-

tration is the main contribution for the improvement of 

radiative recombination. �erefore, even at low current 

density, the p-type doping problem of nitride remains 

notable, and enhancing the doping efficiency and hole 

concentration is still beneficial for the efficiency of 

micro-LED.

AlGaN EBL: In the last decades, a 10–20  nm p-type 

AlGaN EBL has become a standard structure for tra-

ditional nitride-based LEDs. �is EBL is considered to 

block the electron leakage and suppress the efficiency 

droop under high injected current density. In spite of this, 

it is worth noting that the EBL is still a very complicated, 

subtle structure for the LED. It involves many impor-

tant factors, including Al composition, p-type doping 

efficiency of AlGaN, band offset ratios, and polarization 

effect. Each of them can influence the band structure and 

carrier transport substantially, then determines the effec-

tiveness of EBL. For the construction of EBL, thickness, 

composition, and doping concentration must be consid-

ered and optimized carefully to balance the enhancement 

of electron confinement and the blocking of hole injec-

tion, otherwise, the opposite may happen, and the per-

formance of LED might deteriorate. For micro-LED, the 

effectiveness of EBL for operating at low current density 

must be reconsidered, which may be different with the 

case of traditional high input/output LED.

a. Doping concentration of EBL: First, the effect of EBL 

doping concentration on carrier transport at low current 

density is investigated. �e thickness and Al composition 

of EBL are fixed as 20 nm and 0.15, respectively. Consid-

ering the low solubility of Mg dopant in AlGaN, the crys-

tal degradation, and compensation effect by over-doping 

[50], the doping concentration of EBL is first set as be 

3 ×  1018  cm−3. Figure 7a shows the corresponding energy 

band structure. Clearly, despite the existence of EBL, the 

electron leakage out of the QW still can be caused by the 

insufficient electron confinement due to the downward 

bending of the last QW and EBL. A new energy valley 

under the electron quasi-Fermi level appears at the inter-

face of last QB and EBL. �us, electrons would escape 

from QW and accumulate in this area. �is distortion of 

band structure makes the EBL relatively ineffective, and it 

can be contributed to the polarization effect. As shown in 

Fig. 7c, the strong polarization induces a large amount of 

charges at the interfaces. Due to the unbalanced polariza-

tion charges are positive at the interface of the last QB/

EBL, a large electrostatic field pointing from the p-side to 

the n-side builds up in the last QB, which is opposite to 

the fields in other QBs and EBL. �ese electrostatic fields 

pull down the energy band of the last QB and EBL. More-

over, the electric fields in the last QW and last QB both 

can attract electrons and drive them out of the active 

region into the p-layer. �is can be observed in the car-

rier concentration diagram, as shown in Fig. 7d. �e dot-

ted black line indicates that a part of the electrons escape 

from the active region and accumulate at the interface of 

last QB/EBL. In the EBL and p-GaN, the leakage electron 

remains relatively high.

On the other hand, the EBL also introduces a potential 

barrier as high as 480  meV for hole injection. Moreo-

ver, as shown in Fig. 7a, c, an energy valley close to the 

hole quasi-Fermi level appears at the interface region 

between the EBL/p-GaN due to the polarization effect. 

As indicated by the solid black line of Fig. 7d, most of the 

holes are blocked by the EBL and thus, accumulate at the 

energy valley of the EBL/p-GaN interface. Owing to this 

inefficient carrier transport, the last QW is considered 

as a “problem QW,” and the EBL only has a low capabil-

ity for electron confinement, and should be responsible 

for the poor hole injection. Compared with the tradi-

tional high input/output LED, this polarization induced 

ineffectiveness of the EBL function could be particularly 

severe for the micro-LED due to the enhanced polariza-

tion effect by less carrier screening at low current density.

Band engineering by increasing the doping concen-

tration of EBL is a possible method to improve the 

electron confinement and hole injection. �e activation 

energy of Mg dopant in AlGaN EBL is higher than GaN, 

therefore, even under a similar doping concentration, 

the active hole concentration in EBL remains much 

lower than p-GaN. �e lower hole concentration could 

further separate the hole quasi-Fermi level and valence 

band, then increase barrier height. Based on this analy-

sis, the doping concentration of EBL needs to be much 

higher than p-GaN. Considering the doping limitation 
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in actual experiment, 6 ×  1019  cm−3 is selected as a new 

doping concentration in the EBL. As shown in Fig. 7b, 

by increasing the doping concentration, the valence 

band of EBL is lifted due to the alignment of hole quasi-

Fermi level, resulting in a reduced hole energy barrier of 

281 meV. Moreover, the high p-type doping also helps 

lower the electron quasi-Fermi level with respect to the 

conduction band in EBL, hence increasing the effect 

barrier for electron leakage to 1175 meV. �ese changes 

improve electron confinement and hole injection. Fig-

ure  7d shows that compared with the doping concen-

tration of 3 ×  1018   cm−3, the hole concentration in the 

active region is greatly increased, and the leakage elec-

tron in the EBL and p-GaN is reduced to almost zero. 

However, the energy valley at the interface between 

the EBL/p-GaN still exists. Moreover, the upward of 

valence band also introduces a new energy valley for 

the hole accumulation at the interface between the last 

QB/EBL, which can be confirmed by the hole concen-

tration distribution in Fig. 7d. �ese energy valleys can 

impede the hole injection into QWs, hence compensat-

ing the advantage of high doping concentration.

b. Al composition of EBL: Compared with the increase 

of doping concentration, reducing the composition of 

AlGaN EBL may be an easier, more efficient method to 

improve the carrier transport at low current density. �e 

effectiveness of EBL is sensitively dependent on Al com-

position, band offset, and polarization effect. Increasing 

the Al composition of EBL can increase the band offset 

between the last QB/EBL, which increases the electron 

barrier height. However, as shown in Fig.  8a, the polar-

ization-induced charges at the interfaces also increase 

accordingly, which pull down the electron barrier height. 

Two mechanisms have the opposite effect for confining 

electrons.

Based on this analysis, the carrier transport of 2QWs 

micro-LEDs with different EBL structures at 200 and 0.1 

A/cm2 are investigated. �e result of effective energy bar-

rier heights of different EBL are summarized in Table 1. 

First of all, both the electron and hole energy barriers at 

Fig. 7 Energy band diagrams of 2QWs LED with a 3 ×  1018  cm−3 and b 6 ×  1019  cm−3 doping concentration in AlGaN EBL. c Space charge density 

and d carrier concentration distribution of 2QWs LED with 3 ×  1018 and 6 ×  1019  cm−3 doping concentration of EBL. The inset of c shows the 

direction of polarization fields
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low current density are much higher than the cases of 

at high current density due to the lower nonequilibrium 

carrier population. A higher energy barrier can improve 

the electron confinement, but also severely impedes the 

hole injection at low current density. �is indicates that 

the influence of EBL on the carrier transport of micro-

LED operating at low current density is much higher 

than that of the traditional high input/output LED. 

Table 1 also shows that with a relatively low Al composi-

tion in EBL, the electron barrier decreases with Al com-

position increased, which indicates that the downward of 

conduction band induced by polarization effect is larger 

than the increased band offset introduced by the higher 

Al composition. By further increasing the composition, 

the electron barrier increases along with composition, 

meaning that the band offset becomes dominant over the 

polarization effect. Compared with high current density, 

this turning point of composition is higher at low current 

density due to the enhanced polarization effect by less 

carrier screening. On the other hand, because of the orig-

inal band offset between the last QB/p-GaN and the band 

bending, there are energy barriers for electron and holes 

exist at the interface even without the EBL. At 200 A/

cm2, when the composition is lower than 0.20, the elec-

tron energy barrier is lower than the case of without EBL, 

but the hole barrier is higher approximately 64 meV. At 

0.1 A/cm2, even with composition higher than 0.20, the 

electron barrier of AlGaN EBL (523 meV) is still 151 meV 

lower than the case of without EBL (674  meV), but the 

hole barrier is increased approximately 76 meV from 409 

to 485 meV. �ese results indicate that both the electron 

confinement and hole injection could be deteriorated by 

the EBL with an incorrect composition, especially for 

micro-LED operating at low current density.

For a deep analysis, band structures of micro-LEDs 

with  Al0.10Ga0.90 N EBL and without EBL as representa-

tives are illustrated in Fig. 8b, c. �e EBL introduces two 

energy valleys at the interface of last QB/EBL and EBL/p-

GaN for electron and hole accumulation, respectively, 

which can be confirmed by the carrier concentration dia-

gram in Fig. 8d. �erefore, the electron confinement and 

Fig. 8 a Space charge density distribution of 2QWs LED with different EBL. The inset shows the direction of polarization field. Energy band diagrams 

of 2QWs LED b with  Al0.1Ga0.9 N EBL and c without EBL. d Carrier concentration distribution, e carrier current density, f IQE and g EL spectra of 2QWs 

LED with different EBL. The inset of g shows the working voltages at 0.1 and 1 A/cm2 with different EBLs

Table 1 Effective energy barrier height of different EBL 

structures for electrons and holes at 200 and 0.1 A/cm2, 

respectively

EBL @ 200 A/cm2 @ 0.1 A/cm2

ΔEelectron 
(meV)

ΔEhole 
(meV)

ΔEelectron 
(meV)

ΔEhole (meV)

Al0.20Ga0.80 N 274 303 523 485

Al0.15Ga0.85 N 261 262 510 480

Al0.10Ga0.90 N 247 267 521 473

Al0.04Ga0.96 N 256 259 655 469

w/o EBL 265 239 674 409
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hole injection are poor for this structure. When the EBL 

is removed, as shown in Fig.  8c, the energy barrier for 

electron is increased, and the energy valley for electron 

extracting and accumulation disappeares. �ese changes 

prevent electrons leakage more effectively, as confirmed 

in Fig.  8d. Meanwhile, the barrier height for hole injec-

tion is reduced, and the energy valley at the EBL/p-GaN 

interface is also removed. So, the hole can transport 

directly into the QW without facing large obstacle, as 

shown in Fig. 8c, d.

�e above careful investigation suggests that without 

EBL may be a better structure for the micro-LED oper-

ating at low current density. Simulation results support 

our suggestion. Figure  8e illustrates the carrier cur-

rent density at 0.1 A/cm2 with different EBL structures. 

When the Al composition of the EBL is reduced from 

0.15 to 0.04, the total electron and hole current densi-

ties increase from 0.167 and 0.159 A/cm2 to 0.225 and 

0.225 A/cm2, respectively. Moreover, when the EBL is 

completely removed, both the total electron and total 

hole current densities greatly increase to 0.528 A/cm2, 

which is approximately 3 times higher compared with the 

 Al0.15Ga0.85  N EBL. �is enhancement is contributed to 

the improved electron confinement and hole injection.

Figure 8f shows the IQE curves at low current density. 

When the Al composition of EBL is reduced from 0.15 

to 0.04, the IQE values increase evidently due to the 

improved carrier transport. However, by removing the 

EBL, the IQE value experiences a slight decrease com-

pared with  Al0.04Ga0.96  N EBL. �is can be explained 

by the carrier matching in two QWs. As indicated by 

the green arrows in Fig.  8e, a, perfect carrier matching 

occurred in both the two QWs with  Al0.04Ga0.96 N EBL. 

With the increase of current density by removing EBL, 

the matching of electron and hole flux has been slightly 

broken in the first QW, where the electron current den-

sity is slightly higher than the hole. �erefore, the IQE is 

slightly reduced because of this carrier mis-matching in 

one QW.

�e superiority of micro-LED without EBL is still 

remarkable due to the improved carrier transport. As 

shown in Fig.  8g, at 0.1 A/cm2, the integral EL intensi-

ties of micro-LED without EBL are 3.53, 3.23, and 2.38 

times higher compared with the LED with  Al0.15Ga0.85 N, 

 Al0.10Ga0.90 N and  Al0.04Ga0.96 N EBL, respectively. More-

over, as shown in the inset of Fig. 8g, the working volt-

ages under 1 A/cm2 and 0.1 A/cm2 are reduced about 

0.53 V and 0.57 V by removing the EBL, respectively. �is 

improves the electrical efficiency, then finally increases 

the WPE of micro-LED. To further confirm that the EBL-

free structure is a better design for micro-LED operating 

at low current density, another simulation is performed 

using the reported blue micro-LED structure with 

maximal known efficiency. �e results and discussions 

can be found in the Supporting Materials (Additional 

file 1: Fig. S4a-d).

Optimized Structure for Micro-LED Operating at Low Current 

Density

Based on above simulation and analysis, the optimized 

epitaxial structure specifically designed for the efficient 

micro-LED emissive display operating at low current 

density is proposed, as shown in Fig. 9. �ree principles 

must be followed. First, in contrast to the traditional 

large-size high-power nitride LED, the QW number of 

micro-LED should be reduced to just two, which has a 

better condition for the carrier matching, a more con-

centrated radiative emission, and higher IQE and WPE. 

Second, the p-type doing still needs to be enhanced due 

to the relatively low hole concentration and mobility 

compared with the electron in nitride, which demands a 

more efficient p-type doping strategy. �ird, to improve 

the carrier transport and matching, the doping concen-

tration of AlGaN EBL should be greatly enhanced, or the 

AlGaN EBL can be completely removed. Without using 

the AlGaN EBL, the electron confinement, hole injection, 

carrier matching, IQE, and WPE of the micro-LED can 

be greatly improved at low current density.

Auger Recombination and SRH Non-radiative 

Recombination

Based on Eq. (3), except for radiative recombination, the 

SRH and Auger recombination also play critical roles in 

the IQE of LED. Hence, it is important to investigate the 

effects and mechanism regarding the SRH and Auger 

recombination for the micro-LED. In this part, the LED 

structure with 2QWs is still used, and all the simulation 

parameters are the same as mentioned in the Methods 

except for SRH lifetimes.

Negligible Auger and Prominent SRH Recombination

�e SRH recombination rate can be expressed as follows 

[57]:

where ni is the intrinsic carrier concentration, τp and τn 

are the hole and electron SRH lifetimes, respectively, ET 

is the energy difference between the trap level and the 

(8)

RSRH =
np − n2i

τp

(

n + ni exp
(

ET
kT

))

+ τn

(

p + ni exp
(

ET
kT

)) ,

(9)τp =

1

cpNt
, τn =

1

cnNt
,

(10)cp = σpνp, cn = σnνn,
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intrinsic Fermi level, cp and cn are the capture coefficients 

for electron and hole, Nt is the trap density, σp and σn are 

capture cross sections for electron and hole, and νp and 

νn are the average thermal velocities of electron and hole, 

respectively. According to Eqs. (8)-(10), the SRH recom-

bination of a trap is completely specified by its density, 

capture cross sections and energy level.

�e Auger recombination rate is given by the 

following:

where Cn and Cp are the Auger recombination 

coefficients.

Given that the injected hole and electron concen-

trations are much higher than the intrinsic carrier 

concentration in the undoped QWs (according to 

simulation result, the highest carrier concentration in 

QW is only approximately  107   cm−3 in the absence of 

externally injected current), the SRH and Auger recom-

bination rate can be further simplified as the following 

equations:

Equations  (12) and (13) clearly show that RSRH is in 

direct proportion to the first power of the carrier con-

centration, but RAuger depends on the third power of the 

(11)RAuger =
(

Cnn + Cpp
)

(

np − n2i

)

,

(12)RSRH =
np

τpn + τnp
,

(13)RAuger =
(

Cnn + Cpp
)

np.

carrier concentration, that is, RSRH is sensitive to low 

current density, while the RAuger is more dominant at 

high current density.

�is theoretical analysis agrees with our simulation 

results. Figure 10a, b shows the calculated radiative, SRH, 

and Auger recombination rates at 200 and 0.1 A/cm2, 

respectively. At high current density, the Auger recombi-

nation rate (about 0.8–1.4 ×  1029  cm−3  s−1) is comparable 

wiht the radiative rate (about 4.2–6.0 ×  1029  cm−3  s−1). In 

fact, the substantial problem of efficiency droop at high 

drive currents is now widely acknowledged as caused by 

the Auger recombination [20]. While, at low current den-

sity, relatively, the Auger recombination rate dramatically 

decreases to two orders of magnitude lower (about 6.3–

7.2 ×  1022   cm−3   s−1) than the radiative recombination 

(about 3.7–4.0 ×  1024   cm−3   s−1). �erefore, the Auger 

recombination should be negligible at low current den-

sity. Conversely, with the decrease of current density, the 

SRH recombination rate relatively increases from a small 

value at 200 A/cm2 (two orders of magnitude lower than 

radiative recombination) to a level comparable with the 

radiative emission at 0.1 A/cm2. As a result, the micro-

LED operating at low current density requires improve-

ment in the SRH or defect recombination instead of the 

Auger recombination.

Requirement for Low Defect Density

According to Eq.  (9), SRH lifetimes, τp and τn, are in 

inverse proportion to the density of defects Nt. �erefore, 

the effect of defect density can be estimated by simply 

changing the SRH lifetime in the simulation. Figure 10c 

Fig. 9 Schematic illustration of the optimized epitaxial structure designed specifically for the micro-LED emissive displays operating at low current 

density



Page 14 of 16Lu et al. Nanoscale Res Lett           (2021) 16:99 

shows the calculated ratio of SRH/radiative recombi-

nation rate at various SRH lifetimes. With the decrease 

of SRH lifetimes from 150 to 50  ns, i.e., the increase of 

defect density, the SRH/radiative ratio slightly increases 

from 0.01 to 0.03 at 200 A/cm2, but greatly increases 

from 0.15 to 0.43 at 0.1 A/cm2. �is means that a much 

larger percentage of carriers is consumed by the trapping 

defects at low current density. �erefore the efficiency is 

much more sensitive to the defect density at low current 

than high current density. �e IQE results as shown in 

Fig. 10d, e confirm this trend. With the decrease of SRH 

lifetimes from 150 to 50  ns, IQE only decreases about 

0.01 at 200 A/cm2, but dramatically decreases about 

0.17 at 0.1 A/cm2. Moreover, as shown in Fig.  10f, with 

the decrease of SRH lifetime, the position of peak IQE 

also moves from 3.1 A/cm2 to a higher current density 

of 9.0 A/cm2, and the IQE curves become less steep and 

sharp, which means that the threshold/onset current is 

increased. �is is disadvantageous for improving the effi-

ciency of micro-LED at low current density.

Compared with the traditional large-size high-power 

LED working at high current density, the micro-LED 

operating at low current density is much more sensitive 

to defect density, and minimizing the defect recombina-

tion is of paramount importance for achieving a high effi-

ciency. �erefore, the micro-LED requires a much more 

higher crystal quality of materials than the traditional 

LED, and poses large challenges for the epitaxial growth 

of the material and the fabrication of the device for the 

community.

Conclusions
In summary, the operating behaviors, mechanisms and 

conditions of InGaN micro-LED operating at low current 

density are numerically investigated, and an optimized 

epitaxial structure specifically designed for the micro-

LED display is proposed. Analysis of the polarization 

effect shows that micro-LED suffers a severer QCSE at 

low current density. Hence, improving the efficiency and 

controlling the emission color point are more difficult. 

Carrier transport and matching are analyzed to deter-

mine the operating conditions of micro-LED. It is shown 

that less QW number can improves the carreir matching 

and leads to higher efficiency and output power at low 

current density. Effectiveness of the EBL for micro-LED 

is analyzed, and electron confinement and hole injection 

are found to be improved simultaneously at low current 

density by removing the EBL. Moreover, simulaiton has 

shown that the Auger recombination is negligible, but 

the SRH recombination greatly influences the efficiency 

of micro-LED at low current density, which has raised 

higher requirements for the crystal quality of materials 

Fig. 10 Radiative, SRH, and Auger recombination rates of 2QWs LED a at 200 A/cm2 and b at 0.1 A/cm2. c SRH/Radiative ratio with various SRH 

lifetimes at 200 and 0.1 A/cm2. d IQE values at 200 and 0.1 A/cm2, e IQE curves with large current density and f IQE curves with low current density 

at various SRH lifetimes
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and the fabrication process of devices. Our numerical 

study can provide valuable guidance for creating efficient 

micro-LED display and promote future research in this 

area.
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