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ABSTRACT

Exciton localization phenomena are considered here to comprehend the high

internal quantum efficiency in InGaN/GaN multiple-quantum-well structures

having discrete quantum dots (QDs) prepared by metal–organic-chemical-vapor

deposition method on c-sapphire substrates. Spectroscopic results from the

variable-temperature steady-state-photoluminescence and time-resolved pho-

toluminescence (TRPL) are investigated. While the exciton localization is

enhanced by strong localized states within the InGaN/GaN QDs–the impact of

free carrier recombination cannot be ignored. The observed non-exponential

decay in TRPL measurements is explained using a model by meticulously

including localized exciton, non-radiative and free carrier recombination rates.

A new method is proposed to calculate the internal quantum efficiency, which is

supplementary to the traditional approach based on temperature-dependent

photoluminescence measurement.

Introduction

III-Nitride-based light-emitting diodes (LEDs) have

attracted much attention in recent years due to their

potential use in solid-state lighting, sensors, low

threshold lasers, etc. [1, 2]. Energy band gap tun-

ability of InGaN with its prospective use as an active

layer in LEDs has instigated both scientific and

engineering interests for realizing full-color displays

in the visible range. Based on these remarkable

achievements, the 2014 Nobel Prize in physics was
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awarded for GaN-related high efficient blue light-

emitting diodes [3–5]. Consequently, the optoelec-

tronic industry around the world is rapidly expand-

ing where the III-N based quantum dots (QDs) [6],

multi-quantum wells (MQWs) and/or superlattices

(SLs) are being employed in LEDs, lasers, solar cells

and medical imaging devices [7]. One must note that

InxGa1-xN-based quantum wells (QWs) grown on

c-sapphire with low In-contents (x\ 0.2) exhibit high

internal quantum efficiency (IQE) although GaN has

excessive (* 109 cm-2) dislocation density–caused

by lattice mismatch (* 16%) between GaN and sap-

phire. The higher IQE is attributed to carrier local-

ization phenomena occurring in the QD-like In-rich

InGaN formed in the InGaN layer–the carrier local-

ization reduces the effect of non-radiative recombi-

nation at the dislocations [8].

While the IQE in InGaN-based MQWs has a spec-

tral range extending from blue to green wavelengths,

it drops significantly for high In-contents due to the

issues related to crystalline quality commonly known

as a ‘‘green gap.’’ The green-gap effect is believed to

be instigated by high dislocation density–resulting

from the large lattice mismatch between InGaN and

GaN. The dislocations lead to the increased nonra-

diative recombination rate and charge separation that

arises from the enhanced piezoelectric polarization in

the QW, preceding to the reduction in electron–hole

wave function overlap [9–13]. To circumvent this

problem inherent to InGaN MQWs–an alternative

technique of fabricating nano-sized In-rich clusters in

GaN layers (to act as light-emitter) has been sug-

gested in the green and/or even longer spectral

range.

These attempts of assimilating quasi-QDs in In-rich

regions of InGaN active layers have significantly

improved the low quantum efficiency. The possible

reasons for the increase in IQE are: (1) the localized

excitons that improve local crystalline quality [14, 15],

(2) reduction in the built-in piezoelectric polarization

field to steer the alleviation of quantum confinement

stark effect (QCSE) [16–19], (3) decrease of non-ra-

diative recombination rate of carriers caused by dis-

locations and related defects, and (4) shorter carrier

lifetime and weaker Auger recombination. All these

benefits have led to the great prospects of InGaN QDs

for green and longer wavelength light-emitting

devices [20, 21].

While the growth of InGaN QDs has been suc-

cessfully achieved by metal–organic chemical vapor

deposition (MOCVD) or molecular beam epitaxy

(MBE)–limited optical spectroscopy studies are

available, however, to comprehend the microstruc-

tural and carrier transport properties. One of the

most promising methods to study IQE is the time-

resolved photoluminescence (TRPL). This method

reveals the decay of PL emission leading to a deep

understanding of the recombination process of car-

riers. An earlier study [22] on InGaN/GaN structures

suggested the TRPL decay curves to be exponential

due to exciton recombination. On the contrary, sev-

eral recent studies [23, 24] in III-N MQWs have

revealed non-exponential TRPL curves both at low-

and higher temperatures. Morel et al. [23] offered a

possible explanation that the non-exponential decay

is due to a ‘‘pseudo-DAP’’ recombination. There are

some reports attributing the non-exponential TRPL

curves to fast and slow decays [24]. To the best of our

knowledge, the exact mechanisms of emission and

carrier transport in green QDs like structures are still

controversial. Moreover, the free carrier recombina-

tion from InGaN/GaN QD-like structure has not

been considered in the literature.

In this work, we report a comprehensive experi-

mental and theoretical investigation on the carrier

transport and luminescence mechanisms in MOCVD-

grown InGaN/GaN MQWs containing discrete QD-

like In-rich clusters, by using variable-temperature

steady-state photoluminescence and TRPL methods.

A novel theoretical methodology is established to

simulate and analyze the IQE for realizing the non-

exponential decay curves observed in TRPL mea-

surements on InGaN/GaN QD structures without

any extra prerequisite. Our study has strongly sug-

gested that the free carrier recombination in MOCVD

grown InGaN/GaN MQWs with discrete QDs plays

an important role in the luminescent process.

Experimental

Sample growth

In Fig. 1a, a schematic diagram is shown for the

epitaxially grown InGaN/GaN MQW structure by

using the MOCVD technique. Trimethylgallium

(TMGa) and Triethylgallium (TEGa) were used as

precursor for Ga sources for growing GaN and

InGaN layers, respectively. With H2 or N2 as a carrier

gas, trimethylindium (TMIn) and ammonia (NH3)
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were used as the precursors for In and N, respec-

tively. The structure consists of a 4-lm-thick n-GaN

buffer layer grown first on the c-plane sapphire

substrate at about 670 �C, followed by five QW layers

containing discrete InGaN QDs and a 300 nm-thick

GaN capping layer. InGaN QDs were deposited at

670 �C with a molar TMIn/(TMIn ? TEGa) gas

phase ratio of about 1:2. The V/III ratio was set to

1.35 9 104 [25].

Our high-resolution transmission electron micro-

scopy (TEM) images of InGaN QD sample were taken

by FEI Tecnai G2 F20 TEM at an accelerating voltage

of 200 kV and with an instrumental error of ± 0.24

nm. Figure 1b–d revealed an average width of the

QDs and QWs as 2.4 nm and 4.5 nm, respectively.

Time-resolved photoluminescence
measurements

The TRPL measurements were performed on

MOCVD grown sample by varying temperature from

14 to 300 K. A pico-second laser diode (PDL 800-D) of

wavelength 376 nm is used as the excitation source

with 44 ps pulse-width and about 21.0 pJ laser pulse

energy. The laser beam was focused on sample of

about 100 lm. The PL spectral signals were detected

by a photomultiplier tube connected to a 0.75 m

spectrometer (Omini-k750i, Zolix, China). The PL

decay spectra were collected by a time-correlated

single-photon counting (TCSPC) system.

Results and discussion

Theoretical model

In the model established earlier [22], the exciton

recombination in InGaN/GaN MQWs can be

expressed as:

� on

ot
¼ Anþ A0n ¼ n

s
ð1Þ

where n represents the exciton density; s = [1/

(A ? A’)] is the carrier lifetime and the terms A, A’

are, respectively the radiative and non-radiative

recombination rates. So, An and A’n are the radiative

and non-radiative recombination exciton density,

respectively. At a given temperature, if the density of

localized exciton (nloc) is proportional to the density

of injected carriers (ninjected), i.e., nloc / ninjected=Nloc

where Nloc represents the density of localized states.

In this situation, n can be considered as the density of

injected carriers–with the scale coefficient included in

A.

In this model, it is implied that the localized exci-

ton recombination dominates the whole radiative

recombination process. Note that the ‘‘localized

Figure 1 a Schematic illustration of the QDs sample on sapphire. b High resolution transmission electron microscopy image for InGaN/

GaN QDs used in this work. c a magnification of the circled InGaN QD picture B. d a magnification of the circled InGaN well picture C.
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excitons’’ represent the excitons that are localized on

certain local potential minima induced by In-com-

position fluctuations or well thickness fluctuations.

Specifically, one ‘‘localized exciton’’ may be a trapped

electron and a coulombically bound hole, or a trap-

ped hole and a coulombically bound electron. How-

ever, it is also known that the strong intrinsic electric

fields in polar InGaN/GaN MQWs can cause the

separation of the above coulombically bound electron

and hole in the direction perpendicular to the plane

of QWs. This suppresses the formation of exciton

between electrons and holes [26], resulting in a

deviation from the exciton recombination model

described in Ref.[22].

In other studies, especially on electroluminescence

(EL) properties of GaN LEDs, many researchers

believed that there are three carrier recombination

mechanisms in InGaN/GaN MQWs: (1) the Shock-

ley–Read–Hall (SRH) non-radiative recombination,

(2) the bimolecular radiative recombination, and (3)

the Auger non-radiative recombination [27]. The

processes are frequently characterized by carrier rate

equation using A’n, Bn2 and Cn3, respectively where

A’, B, and C are the SRH, radiative, and Auger coef-

ficients and n represents the carrier concentration

[28, 29]. However, it has to be on the high injection

condition (i.e., n C 1018 cm-3) that the intraband

Auger recombination become considerable. There-

fore, it is reasonable in our work to neglect the

influence of C [30] and hence expressed the rate

equation, Eq. (1) as:

� on

ot
¼ A0nþ Bn2 ð2Þ

Above means that the item An, the radiative

recombination exciton density, in Eq. (1), is replaced

by Bn2. This model suggests that the radiation

recombination only occurs between completely

unrelated electrons and holes, thus ignoring carrier

localization effects and the possibility of exciton

recombination [31].

Again, the stability of exciton depends on temper-

ature, electric field, carrier concentration and other

factors. At high temperature the exciton will

decompose due to thermal excitation. Under the

electric field, the exciton effect will be weakened–

even abrogated due to electric field ionization. When

the carrier concentration is high, the exciton may

decompose due to the shielding effect of free charge

on the coulomb field. Therefore, exciton

recombination and carrier recombination n should

coexist in the polar InGaN/GaN QDs structures.

These mechanisms are expressed by An, A’n, Bn2

respectively, where An, A’n and Bn2 are described as

radiative, non-radiative and carrier recombination.

Therefore, the rate equation could be expressed as:

� on

ot
¼ Anþ A0nþ Bn2 ð3Þ

where n(t) represents the carrier concentration.

Equation (3) indicates that the free carrier recombi-

nation Bn2 term and the exciton radiation recombi-

nation An term are included for the exciton

recombination rate equation. It is easy to know that

this equation will degrade into the conventional

exciton localization model with a single exponential

decay solution, in which (A ? A’) denotes the total

recombination rate, if free carrier recombination is

ignored and let B = 0. To the contrary, it will trans-

form into ABC model proposed by Eq. (2), if local-

ized exciton recombination is ignored and let A = 0.

We consider the situation as A;B 6¼ 0, and the solu-

tion to the Eq. (3) is:

n ¼ Aþ A0

ðAþA0

n0
þ BÞe AþA0ð Þt � B

¼ n0

1þ Bn0

AþA0

� �
e AþA0ð Þt � Bn0

AþA0

ð4Þ

where n0 represents the number of carrier concen-

tration at t = 0, A, A’ and Bn0 is localized exciton

recombination, non-radiative recombination and ini-

tial radiative recombination at t = 0, respectively. The

number of emitted photons I(t) is only related to

radiation recombination, and we have I(t) / N(t) /
An ? Bn2:

I tð Þ ¼ b Anþ Bn2
� �

¼ I0 �
1þ Bn0

AþA0

� �
e AþA0ð Þt þ Bn0

A � Bn0

AþA0

1þ Bn0

AþA0

� �
e AþA0ð Þt � Bn0

AþA0

h i2 � 1

1þ Bn0

A

ð5Þ

where b, I tð Þ, and I0 is a proportional coefficient, light

intensity at a certain time and light intensity at t = 0,

respectively. A ? A’, A, and Bn0 are fitting parame-

ters. Equation (5), therefore, can be the expression of

the TRPL decay curves. Its applications for the anal-

yses of experimental TRPL data are given in next

section.
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Experimental results and analyses

Figure 2 shows our TDPL spectra of the QDs excited

by 376 nm pulse laser–revealing obvious oscillations

attributed to the Fabry–Perot (F–P) effect in the film

structure. The total structural film thickness

(* 4.6 lm) was calculated from the position of

oscillation peaks. The broad peak position around

2.34 eV, was originated from the QDs structure [32].

The peak position shift with temperature in the

emission spectra (see: the insert in Fig. 2) suggests the

‘‘S-shaped’’ behavior with a strong evidence of the

exciton localization in MQW structures [14]. The

temperature-induced shift in the ‘‘S-shaped’’ PL

spectra between 14 K * 150 K is caused by the

change in carrier dynamics with temperature due to

inhomogeneity and carrier localization in the InGaN

QDs. The results are in good agreement with the

observations made in other MQW structures [33, 34].

The slight blue-shift at 180 K may be caused by the

systematic error in the PL measurement as weaker PL

intensity with stronger Fabry–Perot oscillation mak-

ing the extraction of real peak position difficult. The

observed ‘‘S-shaped’’ behavior in our InGaN/GaN

LED samples with QD-like structure suggest the

exciton localization as one of the recombination

paths. In order to further comprehend the decay

processes, we examined the PL decay behaviors at

different photon energies.

Figure 3a shows the PL decay curves of green QDs

sample with different photon energies at low tem-

peratures (14 K). The scatter plots of red, blue, and

orange colors correspond to the positions of peak

energy, higher energy side, and lower energy side,

respectively. Figure 3b shows the PL decay curves of

green QDs sample for 2.34 eV emissions at different

temperatures. The scatter plots of red, blue, and

orange colors correspond to the PL decay curves at

14 K, 100 K, and 150 K, respectively. The black curve

shown in Fig. 3a, b is the result of fitting PL decay

curves with Eq. (5). A 376 nm pulsed laser was used

as the excitation source. The decay curves tested from

10 * 300 K and different photon energies were fitted

by Eq. (5). Excellent fitting results are obtained for all

TRPL decay curves, with deduced rate values as

shown below. (See: Figs. 4, 5, 6).

In order to further comprehend the decay pro-

cesses, we examined the PL decay behaviors at dif-

ferent photon energies. Figure 4 demonstrates the

typical results at 14 K, which combines the steady-

state PL spectrum and fitted results from PL decays

(A, A’ and Bn0) for green QD sample. Based on the

above discussion, the shoulder peaks (2.3 eV and

2.25 eV) aside from the PL maximum (2.34 eV) are

originating from the F-P interferences. Considering

that initial PL intensities for each photon energies are

normalized in fitting the decay curves, these inter-

ference effects have no influence on the fitting

parameter as A, A’ and Bn0. Here we used Eq. (5) to

fit A, A’ and Bn0 for each photon energies around PL

maximum.

It can be seen from the results that localized exciton

recombination rate A showed a maximum at the

lower energy side of the PL main peak. At the higher

energy side of the PL maximum, it dramatically

descended. On the contrary, Bn0 showed quick

increasing trend only after the photon energy was

higher than the PL maximum. These results are cor-

related with our expectation that among radiative

recombination, the localized exciton recombination

dominates the lower energy side of the PL maximum

because localized states mainly distribute inside

InGaN band gap, while the free carrier recombination

dominates higher energy side of the PL maximum

because the free electrons and holes are distributed in

the conduction band and value band, respectively.

Checking the non-radiative recombination, it showed

an interesting phenomenon that A’ tended to increase

from nearly zero following the decrease of A and the

Figure 2 PL spectra and peak position measured at temperature

ranging from 14 to 300 K. The inset shows the change of peak

position with temperature.
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increase of Bn0. These results indicate that free carrier

recombination at high photon energy side undergoes

a stronger non-radiative counterpart than localized

exciton recombination at low photon energy side.

This phenomenon can be explained as that localized

exciton recombination may more occur at the loca-

tions of far away from SRH defects, for instance,

inside QDs. On the other hand, the free carrier

recombination may occur at the locations with high

SRH defect density, for instance, at the interfaces

between the grown GaN barrier layer and the layer

with InGaN QDs buried. That is caused by QCSE

which leads to the tilt of energy band, and free car-

riers will be restricted in the local minima near the

interfaces.

To shed further light on the dynamic mechanism of

the green QDs LED sample, TRPL spectra at different

pulse energy injection were investigated. From

Fig. 2—the bottom PL spectrum at 300 K, we choose

the PL peak of 2.34 eV for the green QDs sample, to

perform TRPL measurements on this peak with the

injection pulse energy varied from 2.20 to 2.40 eV,

and to do the fittings by Eq. (5). Figure 5 shows these

model fitting results of A, A’ and Bn0 values, versus

the pulse energy at the peak position (2.34 eV) of

300 K. The black, red and blue dots denote A, A’ and

Bn0, respectively.

In the higher excitation light pulse energy range, it

is found that Bn0 is larger than A and A’ from the

typical model fitting. It is worth noting that at low

Figure 3 a PL decay curves with different photon energy of the InGaN/GaN QDs sample at 14 K. b PL decay curves for 2.34 eV

emission at tested at 14 K, 100 K and 150 K.

Figure 4 The PL spectrum and model fitted results of green QDs

sample at 14 K. The black, red and blue dots denote A, A’ and

Bn0, respectively.

Figure 5 The model fitted results of green QDs samples with

different pulse energy injection at 300 K. The black, red and blue

dots denote A, A’ and Bn0, respectively.
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pulse energy injection, A approaches 0. This means

that most carriers are in the free states at this time

and would not be recaptured by the deeply localized

states. Because of the separation effect of the built-in

field to electrons and holes (QCSE), they were not

capable to form excitons. Free carrier recombination

dominated the PL processes.

If checking the evolution of A, it can be found that

it increased following the rise of injected carrier

density. Note that in our TRPL measurements, the

output excitation strength was controlled less than 21

pJ per pulse, in other words, the excited carrier

density is not larger than 109 J/cm2 at the LED sur-

face. This can be considered as a weak excitation

condition that not all localized states were occupied,

and filling effect of the localized states will hardly

influence the localized exciton recombination rate.

Therefore, here the increase of A with growing

injected carrier intensity can be ascribed to the

screening of QCSE and decrease of built-in field. This

means that the QCSE was screened down by excess

electrons and holes, which strongly enhanced the

formation of excitons, leading to the increases of the

recombination rate of localized excitons. On the other

hand, the number of free carriers really involved in

the free carrier recombination was dramatically cut

down. Note that based on our model, the calculated

free carrier recombination rate was not constant by

related to carrier concentration. Therefore it appeared

that the fitting parameter B decreased due to the

competition with A.

Figure 6 shows the temperature dependence of the

localized exciton recombination rate (A), non-radia-

tion recombination rate (A’) and free carrier recom-

bination rates (Bn0). A shows a descent trend with

increasing temperature in the regime of 14–120 K,

which can be ascribed to the enhanced delocalization

effect with thermal activations. Also, Bn0 and A’

show an increase trend at the same temperature

regime, because the delocalized excitons were broken

down into free carriers or trapped by the non-radia-

tive defects. It turned out that A tended to rise from

120 K accompanying with non-monotonic behaviors

of Bn0 and A’ in high temperature regime. This

phenomenon indicated another competition mecha-

nism due to the delocalization effect with thermal

activations, different from the competition of B with

A, i.e., the competition between the free carrier

recombination and the exciton radiation recombina-

tion as discussed in last paragraph. We ascribe it to

the increase of thermally excited carrier density.

On a weak excitation condition in our work, the

effect from heat induced carriers to QCSE as well as

to recombination behaviors may be compatible to the

effects from optical injected carriers after temperature

beyond some critical point. It can be explained, as

increased carrier density partially screened down the

built-in field, which leads to the non-monotonic

increase of A. Around the temperature of 120 K, the

fade away of the built-in field will make free carriers

wavefunction less confined in the GaN/InGaN

interface region, on which high densities of SRH

defects exist. Therefore, A’ decreases. But at higher

temperature regime above 240 K, thermal activation

of the non-radiative process will become dominant.

Thus A’ rises again. As the data of Fig. 5 was mea-

sured at 300 K, at which thermal activation effect will

always overwhelm the screening effect, so the

decrease of A’ cannot be observed.

IQE calculation

Typically, the assumption that the non-radiative

lifetime is infinite (i.e., IQE is 100%) at 10 K enables

us to determine IQE at RT by normalizing it to the LT

integrated PL intensity. However, the assumption of

100% IQE at LT may not be satisfied due to the

presence of persistent non-radiative recombination at

LT, which is typically manifested at low excitations

[35]. Serdel Okur et al. predicted that even at 10 K, a

small amount of non-radiative recombination exists

Figure 6 Parameters of the decay curve at peak positions are

fitted from the model at each temperature between 14 and 300 K.

The black, red and blue dots denote A, A’ and Bn0, respectively.
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at low excitations through the slopes of the integrated

PL intensity versus excitation energy density (carrier

density) [36]. From the IQE displayed in Fig. 7, the

validity of the above viewpoint is proven at LT. This

clearly suggests that it is inaccurate to calculate IQE

by normalization of intensity in the temperature-de-

pendent PL measurements.

Based on the above calculation, Eq. (4) can be also

expressed as:

n ¼ Aþ A0

ðAþA0

n0
þ BÞe AþA0ð Þt � B

¼
AþA0

B

e AþA0ð Þtþk � 1
ð6Þ

in which,

ek ¼ Aþ A0

Bn0
þ 1 ð7Þ

With the rate Eq. (3) and its solution Eq. (4)

obtained previously, the carriers can be clearly divi-

ded into radiative, non-radiative and carrier recom-

bination. The respective integration on time are as

follows:

R1
0

Andt ¼ A

B
k� In ek � 1

� �� �

R1
0

A0ndt ¼ A0

B
k� In ek � 1

� �� �

R1
0

Bn2dt ¼ Aþ A0

B

1

ek � 1
þ In ek � 1

� �
� k

� 	

8>>>>>>><
>>>>>>>:

ð8Þ

and the IQE can be written as:

IQE ¼
R1
0 Anþ Bn2dtR1

0 Anþ A0nþ Bn2dt

¼ 1� A0

Bn0
� In

Aþ A0 þ Bn0

Aþ A0 ð9Þ

The IQE obtained from Eq. (9) is determined by

three parameters: the localized exciton recombination

rates (A), non-radiation recombination rate (A’ Þ and
free carrier recombination rate (Bn0). The IQE and

IQE0 (initial IQE at t = 0) of each temperature are

displayed in Fig. 7. Application of Eq. (9) in the peak

energy data of green QDs sample suggests the cal-

culated IQE for low temperature/room temperature

as 75.3%/72.6% (see: Fig. 7—black dots). As we

know, a commonly used formula for IQE0 is

ðAþ Bn0Þ=ðAþ A
0 þ Bn0Þ. The calculated IQE0 for

LT/RT is 75.5%/79.5% (see: Fig. 7–the blue colored

squares).

It is worth pointing out that these IQE/IQE0 values

were calculated based on the absolute values of

recombination rates at the same temperature point,

instead of a relative value obtained by comparing

ones with values at 0 K, so no extra hypothesis that

IQE = 1 at 0 K is required. It is also worthy noted that

IQE is closely related to the injected carrier concen-

tration, which relies on excitation condition. There-

fore, without providing carrier concentration, it is

usually not necessary to discuss IQE, because it can

be improved by increasing the carrier concentration.

While IQE is generally used to explain the quality of

InGaN/GaN QDs crystals, the important thing is to

clarify the relationship between radiative recombi-

nation and non-radiative recombination for better

understanding the carrier recombination mechanism.

Conclusions

In summary, this work reported the comprehensive

measurements of the temperature and power varia-

tion data for the steady-state photoluminescence

(SSPL) and time-resolved photoluminescence (TRPL)

Figure 7 The temperature-relative IQE and IQE0 of green QDs

sample, calculated from the PL decay curve at the energy of PL

main peak. The black dots are IQE calculated by Eq. (9). The blue

dots are IQE0 calculated by ðAþ Bn0Þ= Aþ A
0 þ Bn0

� �
which

simulates an IQE0 under a constant carrier concentration n0. The

nested graph shows the dependence of DIQEðDIQE ¼ IQE0 �
IQEÞ on temperature.
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spectra on InGaN/GaN QDs. A novel theoretical

model is proposed to explain the non-exponential

decay curve of TRPL measurements for InGaN/GaN

QDs structures. The model included the localized

exciton recombination rate (A), non-radiation

recombination rate (A’) and free carrier recombina-

tion rates (Bn0) coefficients and applied to the TRPL

data of green QDs.

From the power dependence study of A, A’ and

Bn0, our results show that most carriers will not be

trapped by deeply localized states at the pulse energy

injection of 1.8 * 12.3pJ, and free carrier combina-

tion dominates in the structures. At higher pulse

energy injection, the localized exciton recombination

is the key process but the contribution of free carrier

combination is higher than that of non-radiation

recombination, i.e., it still plays an important role.

From the temperature dependences of A, A’ and Bn0,

the results show that the non-radiation recombina-

tion mainly occurs in certain localized states in the

range of 10 * 120 K due to the low recombination

rate of free carrier. With the increase of temperature,

the regular thermalization of the carriers becomes

significant. Combining with IQE results, it is con-

cluded that the thermal activation of the SRH

recombination center is affected by the degree of de-

localization. The application of the model to IQE

calculation is also carried out on InGaN/GaN QDs.

Although the exciton localization effect is

enhanced by stronger localized states formed within

InGaN/GaN QD structures, the free carrier recom-

bination cannot be ignored. Also, it is found that the

hypothesis that there is no non-radiative recombina-

tion at LT may not be fully valid. Based on the above

conclusions, according to our theoretical model, the

relationship between radiative and non-radiative

recombination can be explained more comprehen-

sively. The recombination mechanism of carriers in

green QDs structure can be revealed more pro-

foundly and this methodology has put forward a new

idea to address in solving ‘‘green gap’’ problem.
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