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ABSTRACT

A physical-mathematical model of dependence 
of internal quantum efficiency on current for LED 
structures with quantum wells has been developed. 
The volt-ampere characteristic is modelled with the 
involvement of Shockley, Noyce, Sah recombina‑
tion theory, supplemented by the quantum wells 
distribution function. In order to obtain dependence 
of internal quantum efficiency of LEDs on current, 
model of rate of ABC recombination in quantum 
wells is used. The developed model was tested with 
variations of quantum wells parameters and external 
impact conditions.
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1. INTRODUCTION

Light emitting diodes (LEDs) with quantum 
wells (QW) are promising sources of light for light-
ing devices, full-colour displays, optrons, etc.

Quantum efficiency (QE) is one of the main pa-
rameters of LEDs QW. After commencement of 
serial production of LEDs based on QW hete-
ro-structures AlGaN/InGaN/GaN and AlInGaP [1, 
2], intensive studies of dependence of QE on for-
ward-current density J have begun.

In one of the first works analysing behaviour 
of efficiency of a blue and green LED by Lumileds 
Lighting [3], it was shown that it has a maximum at 
J = (1–10) Аcm‑2. It was noted that higher values 

of maximum efficiency correspond to higher barri-
er doping and explicit periodical changes of doping 
density in the QW region (the modulated and doped 
region of QW).

According to the data of [4], with strong light ex-
citation, when charge carriers (CC) generation rate 
was equal to 1.71026 cm‑3·s‑1, with reduction of dis-
location density from 5.7109 down to 5.3108 cm‑2, 
external QE (E) rose from 31 % up to 64 %. With 
that, the maximum of E reduces with reduction of 
quality of epilayers and shifts towards higher val-
ues of J.

Measurements of E at different temperatures [4, 
5] have shown that, with increase of temperature of 
QW LED structures, the maximum of QE lowers 
and shifts to the range of higher J.

In the course of analyses of QW recombination 
processes, the ABC model [6–10] is widely used: 
it allows us to describe recombination rate of LED 
structures at different injection levels with consid-
eration of radiative and non-radiative mechanisms:

2 3( ) ( )nR n An Bn Cn f n
τ

= = + + + ,	 (1)

where R is the recombination rate, n is the excessive 
concentration of CC taking part in the recombina-
tion process;  is the average CC life span; A, B, C are 
the coefficients defined experimentally for recombi-
nation rates of the Shockley-Read-Holl recombina-
tion mechanism (A), radiative mechanism (B) and 
the Auger mechanism (C). The other mechanisms of 
current formation are taken into account by an addi-
tional member f (n).
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The finer mechanisms affecting QE of QW LEDs 
are analysed in [11, 12] and other works, however, 
all the differences identified there correspond to the 
ABC model.

The analysis of literature allowed to identify that: 
1) the E-current dependence curve of QW LED 
structures is bell-shaped with the maximum at J = 
(110–2–1·10) Аcm‑2; 2) the height of the maxi-
mum and its current position depends on perfection 
of a hetero-structure and its temperature; 3) there 
are still no mathematical models of the dependence 
of E and internal QE (I) on current and the Sah-
Noyce-Shockley (SNS) model [13] (further devel-
oped in [14]) is used as the voltage-current relation-
ship (VCR) model without taking non-uniformity of 
recombination rate in the space charge region (SCR) 
with a QW into account).

Based on the analysis, the common problem 
was identified: lack of the analytical model defin-
ing the relationship between VCR and lumen-volt-
age characteristics (LVC) for LED heterostructures 
based on wide-band-gap semiconductors with QW 
and allowing to satisfactorily describe and simu-
late behaviour of E and I with different exter-
nal effects and distinctions of LED technological 
structure.

The goal of this work is to develop the analytical 
model of the dependence of I (E) on current on 
the basis of physical representation of recombina-
tion processes in QW hetero-structures.

The objectives of the work: to conduct exper-
imental studies of VCR and E behaviour of QW 
LEDs at different temperatures and with introduc-
tion of point and continuous defects (dislocations, 
disordering areas); to create the physical and math-
ematical model of the dependence of E (I) on cur-
rent; to check validity of this model with different 
external effects and variations of technological pa-
rameters of LED hetero-structures.

For the purpose of clarity and to prevent com-
plication of the model, it is assumed in the work 
that there is a proportional relation between E and 
I expressed through the constant coefficient: E = 
I,  < 1. Therefore, when modelling of QE de-
pending on current, I will be meant and E may be 
derived from it by means of the coefficient .

In the course of the model development, it is as-
sumed that distribution of CC in quazi-neutral re-
gions and in SCR corresponds to the Boltzmann 
distribution.

2. EXPERIMENT

The green, yellow and red LED’s based on Al-
GaN/InGaN/GaN and AlInGaP hetero-structures 
manufactured in PCR by Lumileds and Epistar were 
studied. VCR, LVC and distribution of dopant over 
the QW region were measured at temperatures of 
300 K and 373 K. Graphic representation of these 
characteristics is given in [15].

The blue experimental samples manufactured by 
Lumileds were marked with letter B, the greed sam-
ples were marked with G (the InGaN/GaN struc-
ture) and the red ones were marked with letter R 
(the AlInGaP structure).

VCR were measured by means of a computerised 
unit. The current measurement range was (110–7–
1·10–1) А or J = (110–4–1·102) Аcm‑2 up to max-
imum voltage of 5.12 V. Forward-bias potential in-
crement was equal to U = (0.02  110–4) V.

Dopant distribution over the QW region was 
measured by means of an original computerised 
unit [16] using the dynamic capacity method. Reso-
lution of the dopant concentration profile depth was 
up to 1 nm.

Radiation was registered by the PhD 7K silicon 
photodiode operating in the light-to-photoelec-
tric-current conversion mode.

In order to identify the effect of point and con-
tinuous microdefects on I, all LEDs were affect-
ed by reactor neutron fluxes (Ф) of 106, 107, 108 and 
1015 cm‑2 by means of the IRT 2000 installation. In 
the course of it, the energy spectrum and the neu-
tron-flux density (equal to 51010 cm‑2·s‑1) were 
measured.

Processing of the experimental data and sim-
ulation of LED characteristics were conducted by 
means of Origin 8 and MathCad 14.

The experimental dependences of E on current 
I are presented in the Figs. 1a and 2a. With tempera-
ture rising from 300 K to 373 K, the maximum of E 
reduces by (8–12)% and shifts to the range of higher 
values of current by more than one order of magni-
tude (not shown in the Figure).

More significant reduction of E was observed in 
LEDs after they being irradiated by neutrons at Ф = 
11015 cm‑2. The maximum of E reduces differently 
in AlGaN/InGaN/GaN and AlUnGaP structures and 
shifts towards higher values of current. At Ф of up 
to 1108 cm‑2, no significant changes of the depen-
dence E(I) were observed at ambient temperature.
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The effect of neutron irradiation on lens trans-
parency was not studied, however, no visible chang-
es in lens transparency occurred.

The changes in distribution of charge centres of 
dopant in the QW region after neutron irradiation 
at Ф of up to 1015 cm‑2 for LEDs with different quan-
tum energy occurred in different ways. For instance, 
in blue and green LEDs, dopant compensation was 
observed only in the small region near the border 
of the edge of SCR of the lightly doped layer. Sig-
nificant reduction of concentration of active dopant 
within the range of SCR changes occurred in yellow 
and red LEDs.

After neutron irradiation, the non ideality factor 
of the exponential region of VCR increased by (20–
30)% and the saturation current increased by (5–6) 
orders of magnitude.

3. DISCUSSION

Let us assume an asymmetrical p–n+ LED struc-
ture with uniformly doped p and n+ layers as the 
model. QWs are located in the relatively slightly 
doped p layer within SCR without bias voltage. The 
QW coordinates are measured starting from the 
metallurgical border.

It is assumed that no tunnelling, leak currents, 
and other mechanisms of current formations are 
available other than the Shockley-Read-Holl (SRH), 
radiative and Auger recombination mechanisms; 
the Shockley diffusion mechanism [17] and SNS 
[13] are the main mechanisms of current formation 
of LED structures. With that, QWs are represented 
as single recombination centres with trap cross-sec-
tion of .

CCs trapped in QWs form current, which is di-
vided into two components: the zone-zone radiative 

one and the nonradiative local centre and Auger re-
combination component. Also, if there are point de-
fects in the forbidden band of local levels, forma-
tion of recombination current over the entire SCR 
by means of the SNS mechanism is possible. There-
fore, density of total recombination current J with 
forward bias in such structure is a particular sum:

QW rec difJ J J j= + + ,

where JQW is the density of quantum-well recombi‑
nation current, Jrec is the density of recombination 
current through local levels of point defects in SCR, 
Jdif is the density of diffusion current of CCs that 
crossed the p-n+ junction barrier and are trapped 
in QWs in the quazi-neutral part of the p region 
and within the range of operating currents of LED, 
Jrec, JQW >> Jdif.

Therefore, E proportional to I is defined by the 
ratio between radiative and nonradiative recom-
bination currents. The experimental results (see 
the Figure) witness that the coefficients of the ABC 
model vary significantly for different types of LEDs, 
which is pointed at by different positions of the 
maximums of I(E) [7]. Simulation has shown that 
it mostly refers to the A and C coefficients.

In order to develop the model of the dependence 
of I on forward current, the SNS VCR theory was 
used, and it was assumed that the levels of recombi-
nation centres are located close to the centre of the 
forbidden band and the trap cross-sections of the 
electrons and holes are the same. However, as op-
posed to its classic description, where it is assumed 
that recombination centres are distributed uniform-
ly over SCR of the symmetrical p-n structure, here 
it was taken into account that QWs are discrete-
ly distributed in the asymmetrical structure, i.e.  

Figure. The dependences of ηE (experimental, graphs 1a, 2a) and ηI (simulated, graphs 1b, 2b) on current I for blue (a), 
green (b) and red (c) LEDs, graphs 1a and 1b are for the initial structures and are normalised to one, graph 2a is for neu-

tron-irradiated structures, graph 2b is for model structures with concentration of radiation defects introduced in the model
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the recombination centres are distributed in accor-
dance with some function  fQW(x, U). In the gener-
al case, energy levels of point defects are distribut-
ed non-uniformly too [18], in accordance with the 
function ft (x, U).

With these assumptions made, the magnitude 
JQW may be expressed as

( )
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where, with the SNS model involved (Eq. 3),
Here fQW(x, U) is the function of QW distribu-

tion in the relatively slightly doped layer; NQWmd (U) 
is the average QW concentration in SCR depending 
on bias voltage U due to change in SCR width and 
the number of QWs in it; k is the barrier potential;
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concentrations of acceptor and donor dopants.

In the expression (3), it is assumed that the front 
of potential barrier at the side of the n+ region grows 
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in the formula; this assumption causes virtually no 
impact on the nature of the model.
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formula
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where ai is the position of the edge of the i-th QW 
relative to the metallurgical border, H is the QW 
width, Nrec is the concentration of nonradiative cen-
tres in QW,  =rec / is the ratio of trap cross-sec-
tion of nonradiative recombination centres to QW 
trap cross-section, 1/H is the coefficient from the 

condition 
a+H

a
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⋅ =∫  (for a single recombination 

centre).

The current of SNS non-radiative recombination 
in SCR depending on U is described by the expres‑
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sions identical to (2) and (3). Current density Jt is 
expressed as
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where Ft(U) is the function identical to the function 
in (3), where the distribution function, ft(x, U), the 
sums of concentrations of initial, Nto(x, U), and gen-
erated (by running, radiation), Ntr(U), point defects, 
as well as CC trap cross-sections of defect recombi-
nation centres t and r therefore: r/t =, are intro-
duced instead of QW distribution. As a result of it, 
ft(x, U)=[Nto(x, U) + Ntr(U)]/Ntmd(U), where Nt-

md(U) is the average concentration of point defects 
in SCR.

The exponent index coefficient nt
*(U) for Ft(U) 
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Let us assume that radiative recombination oc-
curs only in QW and is limited by the fraction of 
nonradiative flux. Therefore, it is acceptable to ap-
ply the ABC model for definition of I, and this for 
each i-th QW, since concentration of excessive CCs 
in QW is different at the same U:
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where F1QW(x, U) is the (3)-type function for single 
QW, E is energy difference of forbidden bands of 
barrier materials and QWs.

i

rec i i

i
1QW

1QWmd

0
1( ) ( )

0 ( )
( , )

( )

x a

N a x a H
H

x a H
f x U

N U

β

< 
 

+ ⋅ ≥ ≥ + 
 
 > + 

=







,

and

 

( )

p

n

1QWmd

i

rec i i

i

0
1 1( ) ( ) .
( )

0 ( )

x

x

N U

x a

N a x a H dx
W U H

x a H

β
−

=

< 
 

= + ⋅ ≥ ≥ + 
 
 > + 

∫







According to the three-dimensional ABC mod‑
el, the recombination rates in the i-th QW are ex‑
pressed by the formulae

Si 1QWi( )R U A n= ⋅ , 2
Ri 1QWi

( )R U B n= ⋅ , 

3
Ai 1QWi( )R U C n= ⋅ ,

where RSi(U), RRi(U) and RAi(U) are the recombi‑
nation rates of SRH, zone-zone and Auger mech‑
anisms in the same i-th QW respectively; А, В and 
С are the ABC model coefficients. With that, the 
principle of equality of recombination fluxes as per 
SNS and the ABC model shall be met.

The QW regions are essentially two-dimensional. 
Therefore, concentration of excessive CCs calculat-
ed using (4) and measured in cm‑3 for QW shall be 
assumed equal to two-dimensional concentration of 
CC, i.e. (4) shall be multiplied by QW width H and 
the coefficients А, В and С shall be normalised to the 
two-dimensional ABC model [19]. Then I depend-
ing on concentration of excessive charge carriers in 
QWs may be expressed by the formula
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where the A, B, C coefficients correspond to the 
two-dimensional model.

The dependence of I on current is defined by de-
pendence of excessive concentration on current and 
the dependence of external quantum efficiency L on 
J is described as

I( ) JL J
q

α η= ⋅ ⋅ .

In (5), nonradiative recombination rate in bar-
riers between QWs is expressed by the relation 

t t t/J q A n= ⋅ , where At is the ABC-model coeffi-
cient for the SRH recombination mechanisms in re-
gions between QWs and nt is effective concentration 
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of CCs at an energy level (k – ​qU)/(nt
*k) (effective 

level of CC flow to the recombination region).

CONCLUSION

The presented model was tested by exposure to 
temperatures ranging between –200 K and 500 K and 
neutron Ф ranging between 106 and 1015 cm–2, by de-
gree of QW region doping ranging between 11017 
and 71018 cm‑3 as well as by QW coordinates and 
width. The model dependences I without consider-
ation of the fourth member of f(n) in (1) are present-
ed in the Figs. 1b and 2b. The model parameters are 
summarised in Table 1. The parameters of semicon-
ductors for the models were taken from [20].

The variations of the model parameters have 
shown that the dependence of I on current is pri-
marily influenced by QW position relative to the 
metallurgical border, degree of doping of the p and n 
regions, initial width of SCR and depth of QWs. To 
the lesser extent the position of the maximum I and 
its values are influenced by QW width.

In order to obtain satisfactory fit of the results of 
modelling of I, the coefficients of the two-dimen-
sional ABC model [19] were selected and the fea-
tures of interaction between neutrons and semicon-
ductors were taken into account: cross-section of 
neutron and atom interaction, formation of tracks, 
etc. Concentration of point defects formed by neu-
trons was calculated using the formula [21, p. 27].

tr i dN NΦ σ ν= ,

where Ф is the neutron fluence, Ni is the number of 
atoms in a unit of semiconductor volume, d is the 
collision cross-section, ν  is the average number of 
shifted atoms per one primarily displaced atom.

ν equals approximately to 3102 per one incident 
neutron. Since neutron collides with the atom core, 
d is taken approximately equal to 110–24 cm2. The 
disordering area after collision between a neutron 
and a primary atom is about (50–60) nm [21].

The model coefficients А, В and С for the two-di-
mensional ABC model are presented in Table 2. For 
the red LED (R), modelling was not conducted in 
the case of neutron irradiation at Ф =11015 cm‑2 
due to significant reduction of I which is apparently 
related to formation of tunneling current due to for-
mation of large disordering areas comparable with 
QW repetition period.

In Table 2, nmax and Imax are the values of exces-
sive concentration of CC and current at the maxi-
mum value of I (Imax) normalised to one.

The rate of nonradiative SRH recombination 
and, therefore, the coefficients А and At are large-
ly influenced by degree of perfection of QW crystal 
structure [4].

The main conclusions are the next:
1. The physical and mathematical model of de‑

pendence of internal quantum efficiency of QW 
LED on current was developed using the SRH and 
ABC recombination models; the QW distribution 
function was introduced in the SNS model and the 
ABC model was applied for identification of rates of 
radiative and nonradiative recombination in QWs.

Table 1. LED Model Parameters

Sample 
of LED

Donor 
concentration,  

Nd, cm–3

Acceptor concentration, 
Nа, cm–3

QW 
width, nm

Barrier  
width, nm

Position of the first 
QW, а1, nm

B (5 QWs) 21019 71018 3.0 12 5.2
G (5 QWs) 21019 81017 3.0 12 4.5
R (8 QWs) 21018 81017 2.5 7.5 2.0

Table 2. Model Coefficients A, B, C and Parameters of the Dependences ηI for Initial LED Samples

Sample 
of LED А, s–1 В, cm2·s–1 С, cm4· s–1

nmax, cm–2

at 300 K 
(model)

Imax, A ηImax

T = 300 K Т = 373 K Т = 300 K T = 373 K

B (5 QWs) 1104 810–6 110–15 1.5108 7.110–5 1.310–3 1.0 0.93
G (5 QWs) 3104 810–6 410–19 91012 7.210–4 1.010–2 1.0 0.94
R (8 QWs) 8106 410–5 810–20 11013 4.610–2 2.510–1 1.0 0.90
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2. Due to low QW width, to calculated their re‑
combination rate using the ABC model, it is nec‑
essary to use the numeric value of CC concentra‑
tion as two-dimensional concentration of excessive 
charge carriers and the relevant coefficients A, B and 
C normalised to the two-dimensional model.
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