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We review the dominant mechanism and characteristics which give rise to the existence of forward
and reverse leakage current in nitride based light emitting diode (LED). The existence of leakage
current can affect the reliability and efficiency of LED. Hence, to understand the mechanism that is
responsible for its existence, the occurrence of leakage current is divided into three main
parameters: 1) low bias; 2) medium or high bias; 3) temperature dependence. For reverse bias,
many reports suggest Poole-Frenkel as the dominant mechanism in low reverse bias and some
others suggested the field dependent tunneling mechanism. In high reverse bias, many studies have
shown tunneling to be the dominant mechanism. However ,there is also few other papers suggesting
variable range hopping (VRH) or PF being a dominant mechanism. When the reverse bias current-
voltage measurement below 200 K, majority studies reported VRH to be the dominant mechanism.
Meanwhile, for forward bias, defect-assisted tunneling is most likely the dominant mechanism. At low
forward voltages, electrons are believed to be the dominant carriers for defect assisted tunneling,
while holes are reported to be likely the dominant carrier in medium forward voltages.

Keywords: Reverse leakage current, forward leakage current, Poole-Frenkel, variable range
hopping, tunneling.
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INTRODUCTION reduced leakage current are most desirable in space and
communication industry. Hence it is important to understand the
underlying mechanism behind leakage current to improve the
technology of LEDs [8].

In the second section, we will review the dominant mechanism
that is responsible for the presence of leakage current in low and high
reverse bias. On the next section, the dominant mechanism
responsible for forward leakage current in low and medium bias will
be discussed. The last section will be the conclusion.

In recent years, nitride based LED has attracted great interest as
one of the promising device that can provide environmental friendly
light that has high efficiency [26][27]. In addition, nitride based LEDs
are also considered as an excellent device due to its fast modulation
speed, good robustness to shocks and atmospheric agents and for
having linear behavior under continuous current reduction and
pulsewidth modulation dimming. Furthermore, it is also considering
as one of the core component that is expected to replace the
incandescent and compact fluorescent lamps (CFLs), indicating the
start of the new era of solid state lighting [24]. LED-based
illuminating devices are free from mercury unlike CFLs and this
makes LED much safer compared CFLs that can be consider edas a
hazardous material.

In addition to its luminescence efficiency, the existence of leakage
current in this devices should be giving enough attention as well. The

REVERSE BIAS REGION

When there is an externally applied potential in the junction, the
Fermi level will no longer remain in equilibrium throughout the
system. In reverse biased, the electron which is located in the n-type

existence of leakage current indicates the extent of the device quality,
reliability, and electrostatic discharge [1][2][25]. Cao et al. [41] and
Garam et. al. [31] stated that the degradation of optical power is often
linked to the existence of leakage current. Hence, the aim of this paper
is to review the dominant mechanism responsible for the occurrence
of leakage current in forward and reverse bias region. LEDs with

and holes that stay on the p-type are being swept away by the electric
field inside the space-charged region. Supposedly, there should be no
flow of current, however, small current still present due to the
diffusion of minority carriers to majority carriers and it is known as
leakage current. The mechanism that is responsible for the presence of
leakage current will be discussed in details in the next section.
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Table 1 Summary of the dominant leakage current mechanism in low reverse bias region

Refs. | Year Mechanism Characteristic Strength Limitation
- Explain the equation used to
. fit with the measured data .
[12] 1999 | PF Low electric field - Explain method to distinguish | - Does npt state specific temperature of
(<1 Kv/cm) PF and PAT conduction for both mechanism
-Does not state specific range of applied
Field -Explain the specific region of voltage and temperature to indicates the start
[13] 2002 dependent - bias for the dominance of each and end of the respective mechanism
tunneling tunneling mechanism
-Does not use fitting technique to support the
suggested mechanism
-Low ele(ﬁ:tric field (< -Specify the range of electric
25X 10°V/ecm i indi
fem) ggrlrclliilgjltclenilfc:;iitr?lichanism - The theory of DT is not proven in this paper
[11] 2011 PF -High temperature because the measured data is not being fitted
(260 K-400 K) - Specify the temperature of with any theoretical equation
conduction for PF and PAT
-specify the temperature of
-Dominantupto ~- | conduction for each mechanism
[10] 2012 | PF 17.9vV to takes place - Does not specify the range of voltage that
-High temperature indicates the dominance of each mechanism
(above 280 K) -List down the equation used for
fitting purposes
-Specify the range of applied
voltage and temperature that
$r0m -2 Vupto-10 iﬁgﬁ:ﬁ;ﬁe dominance of each -Does not specify in details the relation
9 2015 PF . between the existence of threading location
-High temperature &
3 0% K- 401()) K) Fitting cach measured data that can lead to the existence of VRH and PF.
with theoretical equation

Low reverse bias region

In recent years, there have been several papers reporting on the
reverse leakage current characteristics of nitride based LED [1]-[8]. In
this section, we will investigate the mechanism responsible for the
formation of leakage current in low reverse bias and its
characteristics.

Among the method widely used to study the mechanism behind
leakage current is by investigating the relation between leakage
current versus electric field and the leakage current versus
temperature. This method can be seen in a report conducted by Han e.
al. [9] where two different mechanisms were determined through this
method. When the range of applied voltage from -2 V up to -10 V,
report by [9] claims that the Poole Frenkel (PF) is the dominant
mechanism and from -10 V onwards, PF is outweighed by variable
range hopping (VRH) mechanism. PF mechanism is expected to be
the dominant electrical conduction mechanism when the depletion
region of the semiconductor contains large trap density and are thick
enough to avoid quantum mechanical tunneling.

Due to the presence of traps, the movement of electrons through
drift and diffusion process from the conduction band reduce. Hence,
causing the trapping and de-trapping of electrons become the
dominant process. Occasionally, random thermal fluctuation will give
the trapped electron enough energy to excite from the trap states to the
conduction band, inducing leakage current. As the reverse voltage
increases, the depletion slope becomes steeper and thus causing the
lowering of PF barrier. Due to this, it will be easier for the excitation
process of trapped electrons into the conduction band to occur. Hence,
the reverse leakage current increase proportional with the amount of
trap and applied bias voltage [29]. To support this theory, the
measured data can be fitted with eq. (1). If eq. (1) gives out the value
of ~ 0.5, PF is the dominant mechanism and if eq. (1) gives out the
value of ~ 1, VRH is the dominant mechanism [9].

d [log(In I )}/d(log E)] (1)

Furthermore, it is believed that PF dominates the current conduction
mechanism when the temperature is above 200 K [9]-[12][28]. A
report by [10] stated that the dominance of PF can also be proved by
fitting the following equation with the measured data:

I < exp {— i—;} 2)
E, = ¢pr— PprlF2 3)

where E, is the thermal activation energy, k is the Boltzmann
constant, ¢pp is the barrier height of carriers trapped in deep centers
without external electric field, Bpr is the Poole-Frenkel constant and
F is the local electric field strength exerting on the deep centers. In

1
theory, €pp= (é)z where q is the electric charge and € is the

permittivity of material at high frequency. This expression calculates
the theoretical value of the Poole-Frenkel constant which yields a

-1 1

value of 3.28 x10™*eV.v2 . cmz. By linear fitting eq. (2) with the
plot of thermal activation energy from an Arrhenius plot against the
square root of reverse bias, it can be proved that the range of
temperature for the conduction PF mechanism is from 280-400K.
Moreover, through fitting eq. (2) with measured I-V, it can be seen
that PF mechanism is dominant up to ~ -17.9 V and not only limited
up to-10 V.

Meanwhile, a report by  [11] and [12] characterize the
dominant mechanism through the range of applied electric field
instead of applied voltage and temperature. The study conducted by
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[11] conclude that at low electric field range (<2.5 X 10 V/cm ), the
lowering of PF barrier occurs and hence it become the path for the
leakage current. The lowering of the barrier stated in [11] explains
through equation shown below:

Ipp o Fexp(= ) )
W= ®pp — BPFFI/Z )
Bpr = (Q/Tffofr)l/z (6)

where & is the permittivity of space, &, is the permittivity of the
material, @pp is the PF barrier height in the absence of a biased
electric field, and F is the local electric field. Meanwhile, report by
Ganichev et al. [12] stated that the sufficient low-electric field
strengths for the dominance of PF are below 1Kv/cm. In this paper,
the theory is extracted by studying the relation between emission rate
and electric field. The dependence of emission rate on electric field

can be express as (In(e) o VE ), where the plot of In(e) against VE is
fitted with a straight line. While many papers suggest PF as the
dominant mechanism for low bias condition, however, there is a
probability of dominance from other type of mechanism.

A report by [13] attribute the existence of reverse current in low
bias due to field-dependent tunneling instead of PF. The discussion in
this paper suggests that the existence of the defect in the space charge
region promotes the process of field-dependent tunneling which
ultimately contribute to the existence of leakage current. Table 1
summarizes of all afore mentioned reports on the probable leakage
current mechanism in low reverse bias region. From this table, it can
be understood that:

1) PF is relatively dominant at low bias.
2) PF conduction is at low electric field.
3) PF conduction is at high temperature (above 200K).

High reverse bias region

Due to high reverse voltage the mechanism that is responsible for
the leakage current maybe different from the previous section. As the
range of electric field present in the space charge region become
higher i.e. < 8 X 107 V/ecm, phonon-assisted tunneling (PAT) is
believed has become the main mechanism for the existence of
leakage current in high bias [11]. Phonon assisted tunneling is
described as the process of a trapped carrier in the deep levels
tunneling through the space charge region barrier with the aid of
phonon emission. Report in [11] described the emission current by
PAT as below:

Ipar ¢ 2,0 (4)) 7
With,
T(A) =y ~e X 8
- y qu ’ ( )
_avzm 3
K= F Az, O]

N
Hp = (1— e kT)Ze kT]p

2/5(n+§)]

where II, represents the occupation probability of quasi level with
phonon energy pfiw (here p is an integer) while I'(4,) represents the
tunneling ionization rate at the quasi level, y is the fitting parameter, A

X (10)

is the barrier height, m” is the effective mass of electron, J, is the
Bessel function of the first kind, 7 is the temperature, S is the Huang-
Rhys factor. By fitting the calculated leakage current with measured
data, PAT proved to be dominant on high range of applied electric
field as well as in high temperature situation (70°C and higher).
Similar findings have also been reported in [12], where it is believed
that by increasing the electric field beyond 1Kv/cm, the field
dependence of the emission rate will experience a change from
In(e) « VE to In(e) « E? , which indicating a change from PF to
PAT respectively. To determine the dominance between these two
mechanisms, the logarithmic plot of emission rate is fitted onto VE
and E? . A Plot that is well fitted by a straight line will indicate the
dominant mechanism. Despite giving out a different range of applied
electric field that marks the dominance of PAT, [11] and [12] agreed
that PAT is the dominant mechanism in high bias region. However,
there is a limitation to how far the dominance of PAT extends in high
bias region. According to a report in [12], the electric field range of
PAT dominance is limited to field strengths of

When the electric field exceeds this range, it is believed that direct
tunneling (DT) is the dominant mechanism responsible for the carrier
emission process. However, this theory is not proven through fitting a
measured data with calculated data because DT requires much higher
electric field than this paper intended to discuss. The theory of DT is
later supported in [11], given with a clear range of electric field that
indicates its dominance. In the paper, it is stated that when the electric
field present in the space charge region become too strong e.g. electric
field > 8 X 107 V/cm, PAT will be outweighed by DT. However,
there is no measured data provided in this paper to support the theory
which suggest, the dominance of DT is still unclear.

Aside from PAT mechanism, there are other reports that suggest
different theories. A paper by Cao et al. [13] claims that band-to-band
tunneling is dominant high reverse bias because the data that has been
obtained is in good agreement with band-to-band tunneling. It is
believed that the presence of defects located in cladding layer of the
devices enhanced the dominance of band-to-band tunneling, resulting
in an increase of reverse leakage current [41]. However, they did not
fit the measured data with any calculation. Hence, the range of applied
voltage that indicates the start and end of band-to-band tunneling
dominance is not clear. Furthermore, we observed that there is also a
possibility of VRH being the dominant mechanism [9]. In this paper,
the range of dominance for VRH mechanism is defined from -11 V up
to -20 V. Based on this paper, when the slope of eq. (1) is equal to ~1,
the dominant mechanism is VRH.

Meanwhile, report by [29] and [30] believed that PF is the
dominant mechanism responsible for the existence of leakage current
in high reverse bias. By fitting eq. (11) with measured data, the graph
is best fit when the voltage range is from -11 V up to -18 V [29].
Furthermore, based on temperature dependence measurement, it has
proven that within the temperature range of 295 K — 520 K, PF is the
dominant mechanism in high reverse bias and leakage current was
found to increase proportionally with reverse voltage and temperature
[29].

By reviewing papers related to high reverse bias, we observed that
different paper came out with different theory and characterization.
Table 2. summarizes the mechanism that is responsible for leakage
current in high reverse bias.
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Table 2 Dominant mechanism for reverse leakage current in high bias

Refs Year Mechanism Characteristics Strength Limitation
igh electric field (> -Explain the equation used to fit - Does not state specific temperature o
[12] 1999 PAT High electric field ( Explain th i d to fi D ifi f
1Kv/cm) with the measured data conduction for both mechanism
Band -to- band -Explain the specific region of -Does not state specific range of applied
[13] 2002 tunnclin - bias for the dominance of each voltage and temperature to indicates the
g tunneling mechanism start and end of the respective mechanism
-Specify the range of electric field
- Does not specify the range of electric
[29] 2007 PF 11 Vupto-18V -Fitting each measured data with field that leads to the existence of PF.
theoretical equation
High electric field (< . S
PAT s . . -The theory of DT is not proven in this
[11] 2011 8X107 V/cm) -Specify the range of electric field paper because the measured data is not
being fitted with any theoretical equation
High electric field (> f .
DT X107 V /em) - Flttmg each mgasured data with
theoretical equation
-The range of applied voltage is -Does not specify in details the relation
[9] 2015 VRH 1V up to-20 V specified between the existence of threading
p location that can leads to the existence of
-Fitting each measured data with VRH.
theoretical equation
-Does not state specific range of applied
. . . voltage and temperature to indicates the
-Explain the specific region of start and end of the respective mechanism
[30] 2015 PF - bias for the dominance of each pectiv
mechanism. - Does not fit any measured data with
theoretical equation

Temperature Dependence

In the previous section, the parameters that define the dominant
mechanism in reverse leakage current were divided into region of
bias. However, there are several papers that discuss about the
dominance of specific mechanism with no clear state of the bias
region of the mechanism. They identify the mechanism through
different parameters, such as temperature dependence. Report by [14]
believed that when the temperature reached 250 K and lower, the
reverse leakage current is mainly attributed to the VRH conduction
and this assumption is made based on Fig.1.

Based on the result of the measurement in Fig.4, it is observed
that, at low temperature, there is enough thermal energy for the carrier
to hop further a far but still within the accessible energy band around
the Fermi level. When the activation energy of the nearest trap is
large, a hop to a further trap with lower activation energy is much
easier. This type of mechanism is known as variable range hopping.
The hopping distance of the electron depends on the temperature.

According to this paper, the main hopping carriers at low
temperature in a semi-insulating GaN is an electron. The electron will
hop from one trap to another trap. When the pn-junction is in reverse
bias, the space charge region is considering as an insulating layer with
a strong electric field. Under this condition, the equation of current
can be expressed as follow:

1= Lyexp [-c("0/p)4(1 — C'F?/TV2)| (11

where C and C'are constant and F is the electric field. In a limited
range of temperature, the temperature dependence of the leakage
current is small (from 80 K to 250 K). Hence, the reverse current
obeys the Mott’s T~1/4 law when the value of voltage is fixed. Mott’s
theory stated that the conductivity of VRH in a disordered material

can be expressed through o(T) o« exp [—(TO/T)U 4], where T, is the

characteristic temperature. By fitting eq. (11) with the measured data,
the dominance of VRH can be seen as in Fig.1.

Temperature T (K)

440 200 140 100 80
~ A A Expenmental data ]

% __ Linear fit to extract the
thermal activation energy
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3107k e
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o ~135mev T,=1.3 x108K
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Fig.1 Arrhenius plot of reverse leakage current versus 1/T. A VRH
conduction mechanism is being used to fit the measured data within the
range of 80 K-440 K. Copyright 2011 Shan et. al.
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Similar findings have also been reported in [9] and [16]. Initially,
report by [10] stated in his earlier paper that when the temperature of
conduction reaches below 280K, the mechanism associated to the
reverse leakage current is VRH. The relation between current and
temperature can be explained as follow:

T,1/4

IocIOexp{—? } (12)

where TO is the characteristic temperature. By fitting eq. (12)
onto the measured data, we can determine the possibility for VRH in
agreement with the assumption. However, in his recent paper, he
claimed that the range of temperature should be lower than 280 K [8],
which in this case is < 200 K in order for the VRH mechanism to take
place and this presumption is supported by a series of Arrhenius plot
with range of temperature from 80 K-400 K [16]. As reported in [9],
[14], [16] and [28], all claimed that VRH is the main mechanism
responsible for reverse leakage current at low temperature (below 200
K). It is believed that the dominance of VRH is due to the presence of
threading dislocation in the device [15][32] — [36].

However, there are other researchers who argue that VRH may
not necessarily be the dominant mechanism in reverse bias at low
temperature. Miller et al. [15] believe that field-emission tunneling is
the mechanism that is dominant at low temperature. The emission of
electrons from the semiconductor into dielectric under the influence of
an electric field is known as field emission tunneling. In this
mechanism, electrons that tunnel through a potential barrier will
exponentially decay. Hence, there is a finite probability that the
electron will be found outside of the barrier. The current flow due to
tunneling of electrons is given by:

Jmoss = TR FpTGD( = F)d, (13)
where A* is the effective Richardson’s constant, T is the absolute
temperature, k is Boltzmann’s constant, F,, and Fg are the Fermi—
Dirac distribution functions in the metal and semiconductor, gV}, is
the difference in energy between the top of the Schottky barrier and
the conduction band of the undepleted semiconductor, 1 is the energy
below the top of the Schottky barrier, and T(n) is the quantum
transmission coefficient of the electrons through an approximate
triangular Schottky barrier, given by:

3
8 *Eg

2
T(n) = exp(= 7= 2 Vo

1
) (14)

where m * is the semiconductor electron effective mass, Ny is the
donor concentration, q is the electron charge, €; is the semiconductor
dielectric constant, and h is the reduced Planck’s constant. Under
reverse bias, (1-Fs) ~ 1 because the conduction band is considering as
unoccupied.The parameters used to fit the tunneling-model based on
Miller et. al. reports with the measured data are 4, ¢, and the ratio

of Np to the relative effective mass, f = Np/ (::—) By fitting these

parameters with the measured data, it was found that the range of
temperature for VRH to take place is approximately from 125 K up to
250 K.

FORWARD BIAS REGION

In the previous section, we reviewed the dominant mechanism
that is responsible for the occurrence of leakage current in reverse bias
region. It can be seen that the dominance of each mechanism can be
divided into different parameters. This section on the other hand, we
will review the mechanism associated with leakage current in the
forward bias region.

In forward bias, the positive terminal of the voltage source is
connected to the p-type semiconductor while the negative terminal is
connected to the n-type semiconductor. Due to this condition, the
holes in the P-type region and the electrons in the N-type region will
relatively diffuse to the opposite region. As a result, the size of the

depletion region width reduces. Moreover, when the width of the
space region decreasing, the potential barrier in the junction will
proportionally decrease. Eventually, the space charge region will
become thinner as the forward bias voltage increases. Because of this
situation, there is a flow of diffusion current in the pn-junction.
However, there is still a presence of small leakage current in a certain
region of forward bias. This will be review further in the next section.

Low Forward Bias Region.

Continuous usage of LED is one of the causes that lead to the
increasing amount of leakage current in the forward region. In
general, under low forward bias, the defect-assisted tunneling (DAT)
is mainly the dominant mechanism responsible for the occurrence of
leakage current by [18]- [20][43]. The dominance of defect assisted
tunneling is often associated with an unrealistically high ideality
factor [4][48][49]. In Fig.2, high ideality factor is seen presents
throughout low forward bias region range from 1.2 V~1.8 V. The
presence of high ideality factor is mainly due to the high dislocation
density of the device. To determine the value of the ideality factor, the
measured forward 1-V data are fitted by the diode characteristics
equation shown below:

I = Ipexp (g) (14)

where I is the pre-exponential factor, q is the elementary charge, V is
the bias applied to LED device, and E; is the characteristic energy
that represents the transparency of tunneling in the space charge
region. Ep gives the ideality factor of a diode, n through E; = nkT.
By fitting eq. (14) with the measured forward I-V, the graph of Ervs
temperature can be plotted as in Fig.2. From the graph, it can be seen
that the value of ideality factor is unrealistically high thus, indicates
the presence of defect assisted tunneling and the dominance of
recombination current. However, there are several studies that
believed high ideality factor indicates the dominance of trap assisted
tunneling (TAT) [43]-[46][13][50]. Hence to distinguished between
the dominance of DAT and TAT, the behavior of E, temperature, and
ideality factor were plot on the same graph as shown in Fig.6. It can
be seen that the behavior of E; is almost constant and it is not
dependent on temperature. This is commonly considered as one of the
signature of defect assisted tunneling dominance [18][37] — [39].

18
sl M —m—|deality factor, n 1140
—m— Characteristic energy, E_
S 14f @) {120
5 .
L ——n J
2 12 N g {100
© 0 =
“3-' 1or 180 T
= 8| ()
§ \. {60 <
3 6| \.\
4L IH. 140
2 ) | | ! | 20
50 100 150 200 250 300
(@) Temperature (K)

Fig.2 The extracted characteristic energies E; and ideality factor n
in low bias at the range of 1.2 V< V< 1.8 V. Copyright 2013 Jaekyung
et. al.

Even though defect assisted tunneling has been identified as the
dominant mechanism in forward bias, there is much info needed to be
discussed on the carriers associated with the tunneling. The role of
carriers depends on the region of bias. In this case, electron is
suggested to be the dominant carriers in defect assisted tunneling.
Furthermore, [18] and [19] suggest in low forward bias, electron
carriers are dominant in tunneling mechanism and this is proven by
comparing the ratio of E; in low and medium bias region into
equation below:
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4eh N;

T oA mrege,’ (15)
where N; is the reduced doping level at the space charge region edge,
and m” is the effective mass of the specific type of carriers for deep
level tunneling. N; can be approximated as the apparent doping
concentration (~2.5X10Y7c¢m) which can be determined from the
capacitance-voltage measurement. In small forward bias, E; can be
used to described the barrier of multi-step tunneling between defect
sites. Through this, the dominant tunneling carriers can be identified.
By comparing the ratio of E7; (low bias) and E7, (medium bias) with
eq. (15), we will get Eg,/Er, = (m3/m3)/2, that associates the ratio
of characteristic energy with the effective mass of the tunneling
entities. In GaN, the value of m” for electrons, light holes, and heavy
holes are 0.2m, 0.3mg, and 1.4m, respectively. By substituting the
experimental value of Er; and Ep, into Epq/Er,, it gives out the
value of ~2.4, which is consistent with the ratio of the square root of
m”* for heavy holes and electrons (~2.65).

From this result, a report by [19] concluded that electron entities
are the dominant entities in defect assisted tunneling mechanism,
however, the author does not specify the range of bias that marks the
dominance of electron entities. The range of dominance for electron
tunneling carriers given by [18] are 1.2 V~1.8 V while range given by
[21] and [40] are from 0.3 V~1.5 V and 1.5 V~2.1 V. Despite having
different range of applied voltage, [18], [19], [21] and [40] agreed that
electrons are the dominant tunneling carriers in low bias region

Meanwhile, report by [20] also agreed that defect assisted
tunneling is the dominant mechanism for the existence of leakage
current in low bias region, however, the author does not specify the
respective type of tunneling carriers. In [20], the measured data are
fitted with following Mott’s law equation:

I(T)~exp [— (TT—”)%],

where T, is the characteristic temperature. The measured data can be
well fitted with Mott’s Law equation and this dependence is often
associated as the typical features of defect assisted tunneling in a pn-
junction diode. The existence of these defect that results in leakage is
associated with the present of threading dislocations and V-defects.

However, reports by [22] and [42] believed that trap assisted
tunneling (TAT) is the dominant mechanism while report by [47]
associates open-core screw dislocations as the main reason for the
occurrence of leakage current. In [22], the approach used to prove the
assumption is by fitting the parameters of numerical simulated I-V
characteristics and a model of trap assisted tunneling to the measured
characteristics of different devices. Meanwhile in [42], the theory is
proved through a good fit between measured data and simulated
forward characteristics of nitride based LED using the basic
formulation of Hurkx and Schenk TAT model.

(16)

Medium Forward Bias Region.

Several studies have shown that the existence of leakage current
in the forward bias is not confined only in the low bias, instead, it is
capable of existing up to medium bias. Reports by [18] [19] [21] and
[43] stated that the defect assisted tunneling is the dominant
mechanism that is responsible for the existence of leakage current in
both low and medium forward bias, however, the difference between
those regions are the type of dominant tunneling carriers. For the
existence of leakage current in medium bias, hole carriers are more
dominant compared to the electron carriers. This can be proved by
comparing the ratio of E; in low and medium bias region into eq.
(15). Through this, it can be proved that the range of dominance for
hole entities is in between 1.6 V~ 2.5 V [18] [19] [43]. However, a
report by [21] use different equation to prove his theory which in this
case, the tunneling current /, is expressed as:

I = Bexp(aV) (17

where B is a constant and V is the applied forward bias. Meanwhile &
in eq. (17) is given by:

a = mmpY/2e2 J4p N2 (18)
where myis the effective mass of the tunneling entity, & is the
relative permittivity, h is Plank’s constant, and Np, is the ionized
donor concentration. By analyzing the slopes (&) of log I vs V plot in
different forward bias region, the dominant tunneling carriers can be
determined. When other parameters in eq. (18) are held constant, the
ratio of the slopes in low and medium bias region are compared with
eq. (18) and it is reported that the slopes were consistent with the ratio
of the square root of the effective masses of the tunneling carriers.
From this method of calculation, Reynolds ez. al. [21] stated that the
range of applied bias that indicates the dominance of hole carriers for
InGaN LED grown on sapphire and GaN substrate are 1.9 V -2.4 V.

Based on papers that have been reviewed, it can be understood
that majority of the researchers agreed on the same theory despite the
difference in approach analysis. It can be concluded that the defect
assisted tunneling is the dominant mechanism that leads to the
presence of leakage current in both low and medium regions of the
forward bias. However, when the amount of applied voltage exceeds
the range of hole entities, the value of ideality factor will decrease and
become close to two or below. This suggests the transition from
tunneling to diffusion current.

CONCLUSION

In this paper, we have presented a detailed analysis on the
dominant mechanism that is responsible for the occurrence of leakage
current in reverse and forward bias. The analysis was aim at
identifying the type of mechanism that is dominant under specific
parameters and the characteristics of each mechanism. In general, we
divided our analysis into the following: 1) the dominant mechanism in
low reverse and forward bias region; 2) the dominant mechanism in
high reverse bias region; 3) the dominant mechanism in medium
forward bias region and 4) mechanism subjected to temperature
dependence. From this we have found the following:

1) In low reverse bias region, PF is most likely the dominant
mechanism. PF need relatively low applied voltage and electric field
for it to become dominant. Furthermore, it also dominant in high
temperature conduction (above 260 K up to 400 K).

2) In high reverse bias region, tunneling mechanism is most likely the
dominant mechanism. However, there are different types of tunneling
can be associated with the leakage current. Phonon Assisted
Tunneling is reported to be dominant when the range of applied
electric field is more than 1Kv/cm or < 8 X 107 V/cm. While direct
tunneling is dominant when the applied electric field exceeds 8 X
107 V/cm. Nevertheless, VRH is reported to be dominant when the
range of applied voltage is from -11 V up to -20 V.

3) In forward bias region, defect assisted tunneling is most likely the
dominant mechanism. The existence of defect assisted tunneling is
due to the presence of threading dislocation and V-defects that
eventually resulted in leakage current. In the range of 0.3 V ~ 1.8 V,
electron carriers are dominant in low forward bias while in the range
of 1.6 V ~ 2.5V, hole carriers are dominant in the medium forward
bias region.

4) The region of bias is not the only parameters that can determine the
characteristics of the mechanism. By analyzing the dependence of
measured data against temperature, it can be said that the VRH is
dominant in the reverse bias region whose temperature of conduction
is below 200 K. It is important to understand the temperature
dependence of leakage current because there is a possibility for the
performance of the LED to be affected by temperature in an extremely
hot or cold countries [23].

In summary, we have reviewed the dominant mechanism
according to the region of bias and temperature dependencies. These
address the key questions regarding the characteristics of mechanism
that is dominant in reverse and forward leakage current for nitride
based LED. Some issues need to be addressed, such as the type of
defects which become the cause for the existence of leakage current
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defects which become the cause for the existence of leakage current
mechanism and further understanding on ways to reduce the amount
of leakage current in LED.
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