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In this work, we systematically conduct parametric studies revealing the sensitivity of the hole
injection on the hole accelerator (a hole accelerator is made of the polarization mismatched
p-electron blocking layer (EBL)/p-GaN/p-Al,Ga;_,N heterojunction) with different designs,
including the AIN composition in the p-Al,Ga; 4N layer, and the thickness for the p-GaN layer
and the p-Al,Ga,_,N layer. According to our findings, the energy that the holes obtain does not
monotonically increase as the AIN incorporation in the p-Al,Ga;_,N layer increases. Meanwhile,
with p-GaN layer or p-Al,Ga,_,N layer thickening, the energy that the holes gain increases and
then reaches a saturation level. Thus, the hole injection efficiency and the device efficiency are
very sensitive to the p-EBL/p-GaN/p-Al,Ga,_,N design, and the hole accelerator can effectively

increase the hole injection if properly designed. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4947025]

Due to the low doping efficiency for the p-GaN layer and
the poor hole mobility, the hole injection for the IIl-nitride
light-emitting diodes (LEDs) is one of the key factors limiting
the quantum efficiency." Therefore, tremendous efforts have
been made to enhance the hole injection capability. For this
purpose, different designs have been proposed. It has been
concluded that the p-AlGaN electron blocking layer (p-EBL)
can simultaneously hinder the hole injection.” The superlattice
p-AlGaN/GaN EBL architectures have then shown the posi-
tive impact on the hole injection.* The other advantage of
the superlattice p-AlGaN/GaN EBL is the better Mg activation
efficiency and the higher hole concentration in the EBL.®™®
Recently, according to the report by Zhang et al.,> through
adopting the valence subbands in the p-EBL, the barrier height
for holes can be decreased, and this improves the hole injec-
tion across the p-EBL. Meanwhile, the removal of the p-EBL
seems effective in eliminating the hole blocking, and the n-
EBL is proposed, which is epi-grown before the multiple
quantum wells (MQWS).%H

The hole injection can also be favored by modifying the
active region. For example, researchers have suggested
reducing the quantum barrier thickness,'>'? increasing the
quantum well thickness along the growth orientation,'* using
InGaN as quantum barriers,"> and/or using Mg-doped quan-
tum barriers.'®'"” The significance of using the GaN/InGaN
structure as the last quantum barrier to enhance the hole
injection has also been presented by several groups.?**
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Another strategy to improve the hole injection is to
increase the hole concentration in the p-GaN layer. The ion-
ization ratio of the Mg doped GaN layer is as low as 1%
even after rapid thermal annealing.”>**® The Ill-nitride het-
erostructures possess strong polarization effect, and by
employing the polarized heterostructures, Simon et al. dem-
onstrated an enhanced p-type doping efficiency through the
three dimensional hole gas (3DHG) for the nitrogen-polar
GaN based LEDs.?” Later on, the 3DHG was further
reported in the GaN-polar LED structures.?®*’ Recently, a
hole modulator is reported by Zhang et al.,>° in which the
p-EBL/p-GaN interface forms the two dimensional hole gas
(2DHG). The 2DHG substantially increases the local hole
density in the p-GaN layer and reduces the barrier height
for the p-EBL.

The other method to promote the hole injection is to
energize holes. Once holes obtain more energy, the carrier
temperature will be correspondingly increased, and thus, the
thermionic emission across the p-EBL will be more favored.
We have reported the hole accelerator (see Fig. 1) to promote
the hole injection.”’ According to our report, we obtain that
the holes can gain more energy from the hole accelerator.
Experimentally, we achieved the enhanced external quantum
efficiency (EQE) of ~15%, and the efficiency droop is
reduced from ~54.2% to ~35.9% at 100 A/cm?>. However,
the p-AlGa; 4N layer in the p-EBL/p-GaN/p-Al,Ga; N
structure can somehow cause the hole blocking effect, which
makes the thickness and the AIN composition important.
Thus, in this work, we numerically conduct the parametric
investigations revealing the sensitivity of the hole injection
on the hole accelerator with different designs.

Published by AIP Publishing.
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FIG. 1. Schematic energy band diagram for the InGaN/GaN LED device
with a hole accelerator (layer thickness not in scale), along with which we
also show the polarization induced sheet charges at L1/L2, L2/L3, and
p-EBL/L3 interfaces, respectively.

The devices under study closely follow the report in
Ref. [31], which consist of the 4 um unintentionally n-type
GaN (n-GaN) layer, the 2 ym n-GaN layer (n =135 x 10"¥em ),
and the five-period 3 nm-Ing;5Gaggs N/12nm-GaN MQWs.
The p-Alp25Gag75s N EBL is 25 nm in thickness. The thickness
of the p-GaN (L1) is 120nm. However, different from the
report in Ref. 31, we change the AIN composition in the
p-AliGa; (N (L2) layer, and the thicknesses for the p-GaN
(L3) layer and the p-Al,Ga; N (L2) layer. The effective
hole concentration in the p-type layer is assumed to be
3% 10" cm ™. The mesa area is 350 x 350 um?. The following
are the physical parameters that we use: The band offset ratios
for the InGaN/GaN and AlGaN/GaN heterojunctions are 70/30
and 50/50, respectively. The Auger recombination coefficient
and the Shockley-Read-Hall recombination coefficient can
be found in Ref. 31. In order to reflect the polarization effect
in those polarization mismatched heterojunctions, we have
assumed a 40% polarization level, considering the strain
release due to the dislocation generation.> We set a constant
hole mobility of 5.0 cm?/V-s for both the p-GaN and p-AlGaN
layers with the hole concentration of 3 x 10'7cm73, since
neglecting the dependence of the hole mobility on the electric
field will not change our conclusions in this work.**

(1) Physical parameter justification by reproducing the ex-
perimental results: We measured and numerically calcu-
lated the optical power in terms of the injection current
for the LED device without using the hole accelerator,
which is shown in Fig. 2. Clearly, we can see that the
numerically calculated result agrees with the
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FIG. 2. Experimentally measured and numerically calculated optical power
in terms of the injection current for the reference InGaN/GaN LED without
the hole accelerator.
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experimentally measurement, which justifies the physical
parameters that we set.

(2) Influence of the AIN composition: As has been mentioned,
the hole accelerator makes use of the polarization induced
electric field to energize holes, ie., V = Ky “ Efjelq and
E, = %m,’,‘ - V2, where V is the hole velocity, U, is the hole
mobility, m,* is the hole effective mass, and Ej,, is the
electric field, by which the holes are accelerated/deceler-
ated. > Therefore, we calculated the electric field profiles
at the current density level of 86 Alem? [see Fig. 3(a)] for
the LED devices which have different AIN compositions
in the hole accelerator. The AIN composition varies among
10%, 15%, 20%, 25%, and 30%. Meanwhile, the thick-
nesses for the p-GaN (L3) and p-Al,Ga,_,N (L2) layers
are 80nm and 3 nm, respectively. The direction of the
electric field is opposite to the C+ growth orientation.

Fig. 3(a) also shows that the electric field profiles in
the p-GaN (L3) layer oppose to the C+ orientation due to
the polarization induced positive charges at the L2/L3 inter-
face and the negative charges at the p-EBL/L3 interface.
In the meantime, the field intensity increases as more
AIN is incorporated into the p-Al,Ga; (N (L2) layer. The
electric field configuration in the p-GaN (L3) layer enables
the acceleration effect to the nonequilibrium holes.
Nevertheless, the electric field profiles in the p-Al,Ga; N
(L2) layer follow the C+ orientation and this arises from
the reversed polarity in the p-Al;Ga; N (L2) layer that
has the in-plane tensile strain. The electric field configura-
tion in the p-Al,Ga;_,N (L2) layer will decelerate the none-
quilibrium holes. Meanwhile, further investigations into
Fig. 3(a) reveal that we obtain the positive electric field in
the partial p-GaN (L1) layer, which is ascribed to the nega-
tive sheet charges at the L1/L2 interface, and the electric
field configuration in the p-GaN (L1) layer also accelerates
the nonequilibrium holes. Note that we also show the elec-
tric field profile for the LED device without the hole accel-
erator for comparison, as shown in Fig. 3(a). We now can
summarize that the holes will receive more kinetic energy
in the p-GaN (L3) layer and the partial p-GaN (L1) layer.
However, the drift velocity of the holes will be reduced
when they travel through the p-Al,Ga,; N (L2) layer.

In order to illustrate the impact of the polarization
induced electric field on the hole transport, we further calcu-
late the net work (W) conducted on the holes by following
W=e fé Efic1q - dx, where the integration step (dx) has been
properly adjusted by optimizing the mesh distributions in
the devices. The integration range starts from the p-EBL/
p-GaN (L3) interface to the relative position of 0.17 um [see
Fig. 3(a)], since beyond this range the electric field profiles
are identical for all the devices. The values of W for all the
devices are shown in Fig. 3(b). The hole accelerator is not
grown if the AIN composition is 0.0%. Interestingly, we can
see that the work done to the holes declines if the AIN com-
position in the p-AlyGa; 4N (L2) layer increases from 0.0%
up to 15%. This indicates the impact of the polarization
induced electric field in the p-Al,Ga; N (L2) layer is domi-
nant, and the holes will be decelerated. However, if the AIN
composition in the p-Al,Ga;_,N (L2) layer is beyond 15%,
we can obtain that the holes will receive more kinetic energy
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FIG. 3. (a) Electric field profiles, (b) kinetic energy obtained by holes, and
(c) hole density profiles in the MQW region for the investigated LED devi-
ces with various AIN compositions in the p-Al,Ga; N (L2) layer. Data col-
lected at 86 A/cm®.

from the hole accelerator with the AIN composition further
increasing.

We then calculate and show the hole profiles in the MQW
region for all the studied devices in Fig. 3(c). We can see
that the hole density in the quantum wells is not strongly
affected when the AIN composition is smaller than 15% in the
p-AliGa; N (L2) layer, since the holes will not receive suffi-
cient kinetic energy from the hole accelerator [see Fig. 3(b)]. If
the AIN composition is higher than 15% in the p-Al,Ga;_ N
(L2) layer, the hole concentration in the quantum wells will be
substantially enhanced, and more importantly, the hole injec-
tion increases as more AIN is alloyed into the p-Al,Ga; N
(L2) layer. The more efficient hole injection is due to the fact
that the holes are able to receive more kinetic energy from the
hole accelerator [see Fig. 3(b)].

The optical output power at 86 A/cm? for all the devices
is summarized and shown in Fig. 4(a). We can see that,
although the holes are not accelerated when the AIN compo-
sition is lower that 15% in the p-Al,Ga; (N (L2) layer, the
optical output power does not decrease. The optical output
power is significantly enhanced when the AIN composition
in the p-AlyGa; 4N (L2) layer is higher than 15% according
to Fig. 4(a). Besides, we plot the optical output power and
the EQE as a function of the injection current density in
Fig. 4(b), which also shows that the hole accelerator is able
to reduce the efficiency droop when the AIN composition
is higher than 15% in the p-Al,Ga; N (L2) layer. Both
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FIG. 5. (a) Numerically calculated electric profiles with various the p-GaN
(L3) layer thicknesses, (b) summarized net work done to the nonequilibrium
holes in terms of the p-GaN (L3) layer thickness, and (c) the optical output
power in terms of the p-GaN (L3) layer thickness. Figs. 5(b) and 5(c) also
employ p-Alg.0sGagos N (L2), p-Al.15Gagss N (L2), p-Alg25Gag 75N (L2),
and p-Alp30Gag 70N (L2) layers. Data collected at the current density level
of 86 Afem”.

Figs. 4(a) and 4(b) demonstrate that the EQE and the effi-
ciency droop are not negatively affected though the holes do
not obtain the adequate kinetic energy from the hole acceler-
ator when the p-Al;Ga; 4N (L2) layer has AIN fraction
lower than 15% [see Fig. 3(b)]. We believe the better current
spreading induced by the p-Al,Ga;_,N (L2) barrier is useful
in maintaining the hole density and optical output power at
the same level despite the unaccelerated holes.*®?’

(3) Influence of the p-GaN (L3) layer thickness: According
toW=e fé Efie1q - dx, the hole injection is also strongly
influenced by the thickness of the p-GaN (L3) layer. We
calculate and demonstrate the electric field profiles in
Fig. 5(a), which adopts the p-GaN (L3) layer with the
thicknesses of 30nm, 50nm, 80nm, 100nm, and
130 nm, respectively. The p-Al,Ga; N (L2) layer is set
to 3nm and the AIN composition is 30%. The electric
field profile for the reference LED device without the
hole accelerator is also shown in Fig. 5(a) for compari-
son. Fig. 5(a) indicates that holes experience the polar-
ization induced electric field in the whole p-GaN (L3)
layer when the thickness of p-GaN (L3) layer is 30 nm
and 50 nm, respectively. If the p-GaN (L3) thickness is
increased to the 80nm, 100nm, and 130nm, respec-
tively, then only the partial p-GaN (L3) layer can pro-
duce the polarization induced electric field. For example,
in the relative position ranging between 0.05 um and
0.11 um, the electric field intensity for the hole accelera-
tor with the 130 nm thick p-GaN (L3) layer is identical
as that in the reference LED device.

Fig. 5(b) shows the net energy obtained by the holes from
the hole accelerator. For the designs of p-EBL/p-GaN (L3)/p-
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Al,Ga; (N (L2) layer at the current
density level of 86 A/cm?® and (b) opti-
cal output power and EQE as the func-
tion of the injection current density for
all the studied LED devices.
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Alp25Gag7sN (L2) and p-EBL/p-GaN (L3)/p-Alg30Gag 70N
(L2), the energy that holes receive first increases as the p-GaN
(L3) layer thickens, since a thicker p-GaN (L3) layer enables
more work than the holes obtain, and this can then inject more
holes into the quantum wells (not shown here). Nevertheless,
the energy reaches the saturation when the p-GaN (L3) layer
thickness is beyond 50nm for both p-EBL/p-GaN (L3)/p-
A10.25Ga0.75N (LZ) and p—EBL/p—GaN (L3)/p—A10,30Ga0.70N
(L2) designs. According to Fig. 5(a), if the p-GaN (L3) is too
thick, part of it possesses the electric field of the same magni-
tude as the reference LED device, thus making little contribu-
tion to energize holes. Interestingly, we can see from Fig. 5(b)
that if the AIN composition is 5% and 15% in the p-
Al,Ga;_N (L2) layer, the holes will not significantly increase
the kinetic energy, since holes will undergo more negative
work when traveling through the p-Al,Ga; (N (L2) layer.

We collect and present the optical output power in terms
of the p-GaN (L3) layer thickness at 86 Afem? in Fig. 5(c). For
both p-EBL/p-GaN (L3)/p-Aly25Gag7sN (L2) and p-EBL/p-
GaN (L3)/p-Aly30Gag7oN (L2) designs, the optical output
power is enhanced with the increasing p-GaN (L3) layer thick-
ness. After 50 nm, the optical power is however less dependent
on the p-GaN (L3) layer thickness. Note that, when the p-GaN
(L3) layer thickness is 30 nm, the optical output power for the
device with p-EBL/p-GaN (L3)/p-Aly30Gag 70N (L2) structure
is lower than that for the device with the p-EBL/p-GaN (L.3)/
p-AlposGag 75N (L2) structure, and this is due to the larger
hole blocking effect at the p-GaN (L1)/p-Aly30Gag70N (L2)
interface.”® Furthermore, being consistent with Fig. 5(b), the
optical output power is not remarkably enhanced for the devi-
ces with both p-EBL/p-GaN (L3)/p-Aly.0sGagos N (L2) and p-
EBL/p-GaN (L3)/p-Aly.15Gag gs N (L2) hole accelerators, since
some holes are blocked by the p-AlysGaggsN (L2) layer and
p-Alp15Gaggs N (L2) layer, respectively, while those
unblocked holes are not able to receive the sufficient kinetic
energy for climbing over the p-EBL, which then results in the
unimproved hole concentration in the MQWs.

(4) Impact of the p-Al,Ga;_,N (L2) layer thickness: Finally,
we investigate the impact of the p-Al,Ga; N (L2) layer
thickness on the hole injection. The same strategy has
been followed that we demonstrate the electric profiles
in the various structured hole accelerators in Fig. 6(a),
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FIG. 6. (a) Numerically calculated electric profiles with various p-Al,Ga; _ N
(L2) layer thicknesses, (b) summarized net work done to the nonequilibrium
holes in terms of the p-Al,Ga;_,N (L2) layer thickness, and (c) the optical
output power in terms of the p-Al,Ga; N (L2) layer thickness. Figs. 6(b)
and 6(c) also employ p-AlypsGagosN (L2), p-Aly15GaggsN (L2), p-
Alp25Gag7sN (L2), and p-Aly30Gag70N (L2) layers. Data collected at the
current density of 86 A/cmz.
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e.g., p-EBL/p-GaN (L3)/2 nm-p-Aly30Gap70N (L2), p-
EBL/p-GaN (L3)/3 nm-p-Aly30Gag 7N (L2), p-EBL/p-
GaN (L3)/5 nm-p-Aly30Gag 70N (L2), and p-EBL/p-GaN
(L3)/10 nm-p-Aly 30Gag70N (L2). Here, the p-GaN (L3)
layer thickness is fixed at 80 nm. From Fig. 6(a), we can
see that the electric field intensity in the p-GaN (L3)
layer increases if the p-Al,Ga;_,N (L2) layer thickness
is increased from 2 nm to 3 nm. Then, the electric field is
less affected even if the p-Al,Ga, N (L2) layer is fur-
ther thickened.

We then summarize the net work done to the nonequili-
brium holes by different hole accelerators, which is presented
in Fig. 6(b). For the p-EBL/p-GaN (L3)/p-Aly»5Gag 75N (L2)
and the p-EBL/p-GaN (L3)/p-Alg30Gag 70N (L2) accelerators,
the holes originally increase the kinetic energy with the
increasing p-Al,Ga;_,N (L2) layer thickness before the satu-
ration arrival at 3nm. We can also obtain the fact that the p-
EBL/p-GaN (L3)/p-Alp30Gag70N (L2) accelerator can pro-
vide more energy for holes than the p-EBL/p-GaN (L3)/p-
Alg»5Gag 75N (L2) structure. Moreover, the holes are not able
to receive the sufficient energy from the hole accelerators
with the p-EBL/p-GaN (L3)/p-Aly0sGagosN (L2) and the p-
EBL/p-GaN (L3)/p-Alp.15Gaggs N (L2) designs.

The optical output power in terms of the p-Al,Ga; (N
(L2) layer thickness for all the studied devices is illustrated
in Fig. 6(c). For the p-EBL/p-GaN (L3)/p-Aly,5Gag75sN
(L2) and the p-EBL/p-GaN (L3)/p-Aly30Gag7oN (L2) struc-
tures, the optical output power increases with the increasing
p-Al,Ga;_,N (L2) layer thickness. However, when the p-
Al Ga; 4N (L2) layer thickness is 3 nm, further increase in
the p-Al;Ga; 4N (L2) layer thickness will not contribute to
the enhanced optical performance. On the contrary, the opti-
cal output power drops, since if the p-Al,Ga; N (L2) layer
is too thick, we have even more hole blocking effect at the
L1/L2 interface.®® As has been mentioned, the AIN composi-
tion in the p-Al,Ga; N (L2) layer is also essentially critical.
If the AIN composition is not high enough, the polarization
level in the p-GaN (L3) layer will not be strong. Because of
that reason, the holes are not able to receive the sufficient
energy from the p-EBL/p-GaN (L3)/p-AlgosGagosN (L2)
and the p-EBL/p-GaN (L3)/p-Alp.15GaggsN (L2) designs,
and then the optical performance is not remarkably
improved.

In conclusion, we have investigated different p-EBL/p-
GaN/p-Al,Ga;_,N hole accelerators. The polarization
induced electric field in the p-GaN layer can energize the
holes. However, the p-Al,Ga,;_.N layer can decelerate holes,
thus making the p-GaN thickness, the p-Al,Ga; N thickness,
and the AIN composition vitally important. Our studies show
that various hole accelerators may also cause different hole
blocking and current spreading. In this work, the hole injec-
tion is promoted if the AIN composition is larger than 20%.
Meanwhile, a 50nm thick p-GaN layer is sufficient to ener-
gize holes while further increasing the p-GaN layer thickness
will not improve the hole injection any more. Meanwhile, the
studies in this work find a too thick p-Al,Ga; N layer will
cause the hole blocking effect and thus reduce the hole injec-
tion. On the other hand, a thinner p-Al,Ga,_N layer (3nm in
this study) is able to energize holes for our devices to improve
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the hole injection. Therefore, the hole accelerator is very
promising in improving the quantum efficiency for the III-
nitride LEDs. It shall also be noted that considering the uncer-
tain polarization level for LED epi-wafers grown with differ-
ent technologies, a reliable assessment of the hole accelerator
is difficult without direct experimental measurements.
However, we believe that the findings in this work offer the
design principles and are hereby useful for the community to
further optimize the hole accelerator.

This work was supported by Natural Science Foundation
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