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We have investigated the factors affecting the current spreading length (CSL) in GaN-based light-emitting diodes
(LEDs) by deriving theoretical expressions and performing simulations with APSYS. For mesa-structure LEDs, the effects
of both indium tin oxide (ITO) and n-GaN are taken into account for the first time, and a new Q factor is introduced to
explain the effects of different current flow paths on the CSL. The calculations and simulations show that the CSL can be
enhanced by increasing the thickness of the ITO layer and resistivity of the n-GaN layer, or by reducing the resistivity of
the ITO layer and thickness of the n-GaN layer. The results provide theoretical support for calculating the CSL clearly and
directly. For vertical-structure LEDs, the effects of resistivity and thickness of the CSL on the internal quantum efficiency
(IQE) have been analyzed. The theoretical expression relating current density and the parameters (resistivity and thickness)
of the CSL is obtained, and the results are then verified by simulation. The IQE under different current injection conditions
is discussed. The effects of CSL resistivity play a key role at high current injection, and there is an optimal thickness for

the largest IQE only at a low current injection.
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1. Introduction

Current spreading is an important issue in many light-
emitting diode (LED) materials,!'* particularly in materi-
als that possess low conductivity. ! For mesa-structure LEDs,
current spreading in the top p-type layer is very weak, owing
to the high resistivity of the p-type top cladding layer. This
problem has been avoided by a current-spreading layer that
spreads the current under the top electrode to regions not cov-
ered by the opaque top electrode. Usually, indium tin oxide
(ITO) is employed as the p-type current-spreading layer above
the p-GaN layer.[®”) Many studies have analyzed the effects

8-15] There are also some studies

of ITO on current spreading. !
on the effects of the resistivity and thickness of n-GaN on the
current spreading length (CSL).['%17) In this work, the effects
of both ITO and n-GaN are taken into account, and a new Q
factor is introduced to explain the effects of different current
flow paths on CSL.

Vertical-structure LEDs, in comparison to mesa-structure
LEDs, have smaller series resistance and better heat dissipa-
tion, which can achieve higher current density.!'8] It is desir-
able to maintain high internal quantum efficiency (IQE) even
at high current density level, since high IQE is a key factor
to promote LED applications and energy saving. However,
the current crowding effect starts to impede IQE improvement
more significantly under high current injection, among other
droop factors.!'”! To address this issue, current-spreading lay-
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ers have been predominantly employed in the top-emitting
LED epi-structures. There are many such experimental or
simulation-based studies in the literature to date.?°2°1 The
CSLs with low resistivity are superior to those with high re-
sistivity, and the current spreading capability of thick CSLs
is better than that of thin ones. Moreover, there is an opti-
mal CSL thickness corresponding an IQE peak at low current

27281 However, the current-density-dependent behav-

density.!
ior of the fundamental parameters of the CSL as well as their
impact on IQE in the high current density regime have not so
far been well studied and differentiated in the literature. This
requires a direct inquiry into the theoretical relationship be-
tween, for example, CSL resistivity/thickness and chip-IQE.
In this work, we investigated the effect of CSL on the IQE
of vertical-structure, GaN-based LEDs, by varying the basic
physical properties, such as resistivity and layer thickness, of
CSLs.

2. Calculation for different structures
2.1. Mesa-structure LED

The current spreading path and equivalent circuit of the
common mesa-structure LED are shown in Fig. 1. The resis-
tance of the current-spreading region along the lateral direc-
tion per unit stripe length dy is given by R = pLs/tdy. The
current flowing vertically through the junction in the current
spreading region is given approximately by / = JoLgdy.
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Using Ohm’s law, we obtain

Nigeal kKT
—JLd = —. 1
Ptd oLs . (D

Solving this equation for Lg !
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Fig. 1.
structure B; (b) schematic diagram of current spreading in ITO layer;
(c) equivalent circuit consisting of ITO layer resistance, n-GaN layer
resistance, and ideal diodes represents the p—n junction.

(color online) (a) Schematic cross-sectional view of mesa-

Shown in Fig. 1(a), paths A and B indicate the extreme
current paths from the p- to the n-pad. If only path A (i.e.
the effect of the ITO layer) is considered, the CSL can be ex-
pressed as

NigealkT

Ly, = —M.
! JOe(pito/tito)

3)

The same way, if we only consider path B (i.e., the effect
of the n-GaN layer), the CSL can be expressed as

NidealkT
Joe(Pn/tn)

In fact, path A and B are present in both, and considering
the effects of both, the CSL can be integrated as

Ls, = “)

2nideakT
plto '
(22 0P
( tltO tn
Under different conditions, the proportions of paths A
and B are not equal; we thus introduce a Q factor, defined
as: 0 = %, i.e., Q = Cp/Ca. From Eq. (5), we

know that the lower the Q factor, the better the spreading effect
of ITO.

Ls = ®)

2.2. Vertical-structure LED

Figure 2 shows a vertical-structure LED with stripe-
shaped n-metal. W, ¢, and d are the width of the stripe-shaped
metal, thickness of the CSL, and the total thickness of multiple
quantum wells (MQWs), respectively. The level of injected

current density can be characterized by the CSL as defined in
Eq. (2). When the current spreading length (Lg) is more than
10 times the width of an electrode, the current density level
is considered low. However, when Lg is within the width of
an electrode, the injected current density level is considered as
high. IQE inside the MQW active region is analyzed by means
of the well-adopted ABC model, where the current density and
the injected carrier concentration are related by

J/edactive = An+ Bn* +Cn’. (6)

For calculation of IQE at different resistivity and thick-

ness of the CSLs, from Fig. 2(b), the total current density J

can be expressed as

J=Jo+Jx, (N

where Jy and J, are the current density under the contact and

in the spreading region, respectively. J, and Jy are interrelated,
so the expression can be redefined as

J =Jo+klp. (8)

Here, k is the correlation coefficient.
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Fig. 2. (color online) (a) Schematic model of a vertical LED chip with
a stripe-shaped n-metal. (b) Schematic illustration of current spreading
in structure with linear stripe contact.

The current spreading length (Lg) is proportional to the
thickness #, and inversely proportional to the resistivity p.
Thus, k can be defined as

kZCO\/t/t()\/po/p. ©)]

We define ¢y = Ls; /W, where Lg; is the current spread-
ing length at 300 K in the condition of Jy = 100 mA/mm?,
po=1x10"*Q-cm, 1 =5 um, and W = 2 pum. From above,
an expression for J is obtained as

J=Jo+J = <1+co\/z1/@)fo. (10)
oV p
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3. Simulation and discussion
3.1. Simulation results for mesa-structure LED

The simulation structure is shown in Fig. 1. The LED
layer structures are grown on a sapphire substrate. MQW ac-
tive layers consist of five 2.5-nm-thick Ing 11 Gag goN quantum
wells (QWs) separated by 15-nm-thick GaN barriers. Be-
low each MQW layer is an n-type GaN layer, which acts
as an n-type current spreading layer. A p-type 20-nm-thick
Alp.1Gag 9N electron blocking layer (EBL) and a 200-nm-
thick p-type GaN layer are grown above each MQW layer.
The electron concentration at the n-GaN layer and the hole
concentration at the p-type layer are set as 5x10?* m—> and
5x10? m™3, respectively. The ITO is above the p-type layer,
which acts as a p-type current-spreading layer. The thickness
of the ITO is 200 nm. In the model, the width of the LED chip
is 300 wm, and the widths of the p- and n-electrode are 35 um.

The effect of n-GaN on current spreading has been simu-
lated, the results of which are shown in Figs. 4(d)—4(f). Only
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the resistivity and thickness of n-GaN have changed. From
Figs. 3(b) and 4(d), the CSL becomes shorter because of dou-
bling the thickness of n-GaN. However, doubling the resis-
tivity of n-GaN increases the CSL, as seen by comparing
Figs. 3(b) and 4(e). The CSL is also the same as Fig. 3(b)
by doubling the thickness and resistivity of n-GaN, and the
result is shown in Fig. 4(f). It seems that above conclu-
sions do not all fit with the theoretical explanation in Eq. (5)
(Ls < 1/4/(pn/tn)), so the Q factor is introduced.

Firstly, the effect of ITO on current spreading is investi-
gated. Figure 3 shows the two-dimensional distribution of cur-
rent density when the injected current is 300 mA. Figure 3(a)
shows the case for an LED chip without an ITO layer. The cur-
rent is assembled under the electrode, and the current spread-
ing length is very short. Figure 3(b) shows the case for an LED
chip with an ITO layer (resistivity p = 3.5 x 107% Q-m, thick-
ness t = 200 nm). Here, the current spreading effect is very
strong. By comparing Figs. 3(a) and 3(b), the ITO layer has
been proven to enhance the current spreading effect.
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Fig. 3. (color online) Two-dimensional distribution of current density (a) without ITO layer and (b) with ITO layer.
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Fig. 4. (color online) Two-dimensional distribution of current density. (a) Only double the thickness of the ITO layer (pj,, = 3.5 X
1076 Q-m, £, = 400 nm). (b) Only double the resistivity of the ITO layer (pj,, = 7.0 X 1076 Q-m, o = 200 nm). (c) Double both
the thickness and resistivity of the ITO layer (pj;o = 7.0 x 10~ Q-m, £;;, = 400 nm). (d) Only double the thickness of the n-GaN layer
(p =9.09 x 1074 Qm, t =5 um). (e) Only double the resistivity of the n-GaN layer (p = 18.18 x 1074 Q-m, r = 2.5 pum). (f) Double
both the thickness and resistivity of the n-GaN layer (p = 18.18 x 10™* Q-m, f = 5 um).
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To verify the effect of resistivity and thickness of ITO
layer on the CSL, we consider Figs. 4(a)-4(c). From Figs. 3(b)
and 4(a), the CSL becomes longer when the thickness is dou-
bled (for fixed resistivity). By increasing the thickness of ITO,
the current spreading effect can be enhanced. The CSL gets
shorter by doubling the resistivity (for fixed thickness), and the
results are shown in Figs. 3(b) and 4(b). The current spreading
effect can be reduced by increasing the resistivity of the ITO
layer. When the resistivity and thickness of the ITO layer are
both doubled, the result (Fig. 4(c)) is the same as Fig. 3(b).
Therefore, the relationship Lg o< 1/ \/M in Eq. (5) is reli-
able.

A detailed explanation considering the Q factor is as fol-
lows. An increase in resistivity (p,) results in an increase
in the equivalent resistance (path B in Fig. 1(a)). The to-
tal current B decreases, and then the remaining current A in-
creases. When the injection current is fixed, the Q factor (Q =
Cg |/Ca 1) reduced. Despite p, increasing, the final result
(Qp%nT = %’%}T) is decreased. Based on Lg < 1//Q(pn/t),
the current spreading length Lg becomes longer. In another
case, path B becomes clearer by increasing the thickness (#,)
of the n-GaN layer, because the equivalent resistance of path
B is smaller than before. The Q factor (Q = Cg 1/Ca ) be-
comes larger, which leads to an increase of the final result
0P = %%). Thus, the current spreading length (Lg) has
shortened by increasing the thickness of the n-GaN layer.

From the analysis, the theoretical explanation of the ef-
fects of the n-GaN layer has been perfected by the introduction
of the Q factor.

3.2. Calculation results for vertical-structure LED

The parameters of Fig. 2(a) are used in our calculation,
including the n-GaN layer with high conductivity (5 um, dop-
ing 5 x 10'® cm~3) which has the same effect as the CSL in
VLED, undoped InGaN/GaN MQWs (14/3 nm, five-period),
Alp.1Gag 9N-based EBL (20 nm, doping 5 x 10" cm~3), and
a p-GaN layer (150 nm, doping 5 x 10'® cm™3). The dimen-
sions of the device are assumed to be 200x 200 um?.

It has been reported that Auger nonradiative recombina-
tion plays a major role in the efficiency drop of MQW LEDs

(251 When the Auger recombination

at high current density.
term is not considered, i.e., C = 0 in the ABC model, taking
B=2x10""" cm3.s7! (at 300 K)!**! and substituting Eq. (10)
into Mige = Bn?/(J edyeive ),1>>313?) the result is shown in
Fig. 5(a). The IQE of LEDs with CSL is much higher than
that of those without CSL at low current density (region I), but
in the case of high current density (region III), this effect is
diminishing. In order to verify the effect of CSL thickness on
IQE, we assume the same CSL material (with fixed resistivity)
and increase its thickness by a factor of 10. It is found that
IQE is obviously boosted in region I with the CSL thickness

increase, while in region III this is not so obvious. Next, when
the thickness is fixed and the resistivity increases by a factor of
10, the IQE decreases sharply. Thus, increasing the thickness
and decreasing the resistivity of the CSL can both improve the
IQE at low current density.

100
(a) '
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€3]
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S 40+f
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20 | ~#—with CSL
I adding the thickness of CSL (10 times)
0 —¥—adding the resistivity of CSL (10 times)
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/././"/ |
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X
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I —s—with CSL
adding the thickness of CSL (10 times)
—*—adding the resistivity of CSL (10 times)

O 104 105 106
Current density/mA-cm~2
Fig. 5. (color online) Relationship between IQE and current density in
the case of changing various parameters. (a) Auger recombination is not
considered. (b) Auger recombination is considered. Region I: 103-10%;
region II: 10*~10°; region III: 10°-10°.

Auger recombination is further considered at 300 K, tak-
ing C =2 x 1073 cm®-s~!,3% with the obtained results shown
in Fig. 5(b). It is demonstrated that with Auger recombination,
IQE has improved significantly with the CSL at low current
density (region I), but the efficiency droop is more serious at
high current densities (region III), which means that the CSL
can, to a certain extent, exacerbate the efficiency droop ef-
fect. The effects on IQE by increasing the thickness of CSL
are consistent with Fig. 5(a), where Auger recombination was
not considered; however, the efficiency droop can be reduced
by increasing the resistivity at low current density with Auger
consideration.

Equation (10) reveals a more direct relationship between
IQE and resistivity/thickness as shown in Fig. 6. It is clear
from Fig. 6(a) that increasing the resistivity of CSL has a sig-
nificant effect in improving IQE at high current injection. In
addition, there is an IQE maximum, corresponding to an op-
timal CSL thickness as depicted in Fig. 6(b). This conclusion
of an optimal CSL thickness for IQE agrees well with the re-

ported experimental results at low current density, 334 but
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further indicates that, when extending the current density level
to high injection, this trend does not hold, and the IQE is al-
ways decreasing regardless of the CSL layer thickness.
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Fig. 6. (color online) Relationship between (a) IQE and the resistivity
p. and (b) IQE and the thickness 7. The J(0) = 100 A/cm? is defined
as high current density, and an order of magnitude smaller than this is
defined as low current density. All the data are un-normalized.

In order to further verify the effect of the CSL on IQE
in the device (there are defects and dislocations in the device,
i.e., considering the electronic leakage), the software APSYS
is used to simulate. The simulation results are shown in Fig. 7.

From Fig. 7(a), at low current injection, IQE is very
slightly reduced with increasing doping concentration. The in-
set shows an enlargement of the IQE scale, wherein the trend
is opposite that at high current injection. The resistivity of
the CSL is mainly determined by the doping concentration,
but it is also restricted by the quality of epitaxial growth. 3]
In Fig. 7(a), based on the current level of epitaxial growth,
when the n-type doping concentration is increased from 10!
to 102! cm™3, the corresponding variation range of the resis-
tivity is 2 x 107 to 1 x 107® Q-m. Owing to proportionality of

the resistivity of n-GaN to the doping concentration, the sim-
ulation results are inconsistent with the theoretical calculation
results (Fig. 6(a), only considering Auger recombination and
ignoring the electronic leakage). It is known that the electronic
leakage can be intensified by increasing the doping concentra-
tion and current injection.?®) The AIGaN EBL in this model
structure (Fig. 2(a)) cannot prevent the electronic leakage ef-
fectively at high current injection. From the above analysis,
the Auger recombination is not the main reason for droop ef-
ficiency; rather, electronic leakage may be the chief culprit at
high current injection. We should focus on how to improve
the structure of LEDs to prevent the electronic leakage. From
Fig. 7(b), an optimal CSL thickness still exists only at low cur-
rent injection, and the IQE increases and fluctuates marginally
at high current density. The effect of CSL thickness on IQE
is more obvious at low current injection, which is consistent
with the final results from Fig. 6(b).
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Fig. 7. (color online) The relationship between (a) IQE and the doping
concentration, and (b) IQE and the thickness ¢, based on simulation by
APSYS.
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4. Conclusion

We have investigated the effect factors of CSL in mesa-
structure LEDs.
strengthened by increasing the thickness or reducing the re-

The effect of current spreading can be

sistivity of the ITO layer. A Q factor has been introduced for
studying the effect of the n-GaN layer on current spreading,
the value of which can be reduced by increasing resistivity
or decreasing the thickness of n-GaN, thereby enhancing the
CSL. Finally, the theoretical expressions are verified by using
APSYS simulation software. The results of this work provide
theoretical support for calculating the CSL of different mesa-
structure LEDs more clearly and directly.

Moreover, the theoretical relationship between current
density and the parameters (resistivity and thickness) of the
CSL is obtained for the vertical GaN-based LEDs. IQE is
discussed for different current injection conditions, which in-
creases with the decrease of CSL resistivity and the increase of
CSL thickness only in the low current density region. Through
calculation with and without Auger recombination, IQE in-
creases steadily and the efficiency droop is reduced with in-
creasing of resistivity of CSL at high current injection; there-
fore, the effects of CSL resistivity play a key role. Only at low
current injection, there is an optimal thickness for the maximal
IQE, when the effects of thickness play a dominant role.
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