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Polarization doping and the efficiency of lll-nitride optoelectronic devices
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The intrinsic polarization is generally considered a nuisance in III-nitride devices, but recent studies
have shown that it can be used to enhance p- and n-type conductivity and even to replace impurity
doping. We show by numerical simulations that polarization-doped light-emitting diode (LED)
structures have a significant performance advantage over conventional impurity-doped LED
structures. Our results indicate that polarization doping decreases electric fields inside the active
region and potential barriers in the depletion region, as well as the magnitude of the quantum-confined
Stark effect. The simulations also predict at least an order of magnitude increase in the current density
corresponding to the maximum efficiency (i.e., smaller droop) as compared to impurity-doped
structures. The obtained high doping concentrations could also enable, e.g., fabrication of III-N
resonant tunneling diodes and improved ohmic contacts. © 2073 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4833155]

High performance light-emitting diodes (LEDs) based
on GaN have started a revolutionary change in the lighting
industry. Despite the success, the GaN technology still faces
several challenges that stand in the way of further improve-
ments. One is the inefficient activation of Mg acceptors,'
which at present is partly solved by using very large Mg den-
sities. However, even for large Mg concentrations the con-
ductivity remains relatively low and as an additional
disadvantage, the diffusion of Mg atoms to quantum wells
(QW) increases during fabrication. This reduces the quantum
efficiency of light emission.?

A recently proposed method to improve the properties of
p-type GaN is polarization doping. It uses the internal polar-
ization of the structures and material composition grading to
induce free electrons or holes®> and even allows to fabricate
pn junctions where free carriers are generated purely by the
polarization charge without using any impurity doping.®’
Polarization doping has also been suggested, e.g., as a way to
fabricate nanowire solar cells'® and low-resistance ohmic
contacts.""

In conventional III-N QW structures, the abrupt polar-
ization differences between the GaN barriers and InGaN QW
active regions (ARs) create large electric fields which result
in the separation of electrons and holes in the QWs and
decrease the recombination rate.'*'* Abrupt polarization
charges are also known to hinder current transport into the
AR and decrease the device efficiency.'*'> Polarization dop-
ing, on the other hand, enables making use of the spontane-
ous and piezoelectric polarization by distributing the
polarization gradient in a wider region. This way polariza-
tion serves as a dopant and its deteriorating effects are
expected to decrease or even disappear.

Despite experimental proof-of-concept reports on polar-
ization doping, numerical simulations that account for the
current transport in fully polarization-doped structures have
not yet been reported. The goal of this work is to compare
the performance of conventional impurity-doped structures
to polarization-doped structures and predict the main differ-
ences in performance. We discuss the origin of polarization
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doping and simulate the operation of impurity-doped and
polarization-doped AlGaN/GaN and GaN/InGaN structures.
We show that polarization doping reduces electric fields
inside the AR and decreases the potential barriers in the
depletion region, leading to a significantly smaller efficiency
droop.

Fig. 1 shows a schematic cross-section of all the studied
structures. Layer thicknesses and compositions are listed in
Table I. The AlGaN/GaN structures A and B of Table I are
purely polarization-doped and have 100nm thick graded
regions around the GaN AR, mimicking the experimentally
demonstrated structures of Refs. 8 and 9. The comparable
conventional structures C and D with GaN QW AR have an
n- and p-type AlGaN layer below the AR, respectively, to
also compare the effect of changing the electric field direc-
tion in the structure. The GaN/InGaN structure E of Table I
has polarization-doped graded regions of only 10 nm around
its AR to compensate for the larger lattice mismatch. The
comparable impurity-doped GaN/InGaN QW structures F
and G of Table I again have the n- and p-type layers below
the QW AR, respectively. All the structures are assumed to
be Ga-face grown in the [0001] direction, which is typically
the case when they are grown on sapphire substrate. In this
article we study the structures as simple 1D structures.

The internal polarization P of wurtzite III-N alloys con-
sists of spontaneous and piezoelectric polarizations P and
PP as

Top buffer (present in structures C-G)
y
Top grading (A, B, E)
X
R Bottom grading (A, B, E)

Bottom buffer (C-G)

FIG. 1. Schematic cross-section of studied structures. The layer thicknesses
and compositions are specified in Table 1.

© 2013 AIP Publishing LLC
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TABLE I. Layer thicknesses and compositions of the studied structures
(refer to Fig. 1): A and B are polarization-doped Al ;Gag7N/GaN structures,
C and D are impurity-doped Aly3Gag;N/GaN structures, E is a partly
polarization-doped GaN/Ing ;5GaggsN structure, and F and G are
impurity-doped GaN/Ing 15GaggsN structures. The indicated layer thick-
nesses are shared by structures A-D and E-G. Note that structures B and E
do not contain a well-defined QW since the necessary carrier confinement is
provided by the grading.

Sample Bottom buffer Bottom grading AR Top grading Top buffer

100 nm 100 nm 5nm 100 nm 100 nm
A N/A GaN — AlGaN GaN AlGaN — GaN N/A
B N/A AlGaN — GaN GaN GaN — AlGaN N/A
C n-AlGaN N/A GaN N/A p-AlGaN
D p-AlGaN N/A GaN N/A n-AlGaN
100 nm 10 nm 5nm 10 nm 100 nm
E p-GaN GaN — InGaN InGaN InGaN — GaN  n-GaN
F n-GaN N/A InGaN N/A p-GaN
p-GaN N/A InGaN N/A n-GaN
P = P¥ 4+ PP”. (1)

Both spontaneous and piezoelectric polarizations arise from
the shift between anion and cation sublattices of the wurtzite
crystal structure. Spontaneous polarization is the built-in
polarization of the unstrained crystal, whereas piezoelectric
polarization occurs in strained structures where atoms are dis-
placed from their equilibrium positions. With Ga-face growth,
the spontaneous polarization points in the negative direction
with respect to growth direction, i.e., downward in Fig. 1. The
direction of the piezoelectric polarization resulting from strain
is positive for compressive strain (e.g., InGaN grown on
GaN) and negative for tensile strain (e.g., AlGaN grown on
GaN). If N-face growth is used instead, all the mentioned
polarization directions are inverted.

All the equations needed for calculating P* and P” in
AlGaN and InGaN are listed compactly in Ref. 16. However,
in our calculations we multiply the polarization values given
in Ref. 16 by 0.5 to account for background impurity density
and composition fluctuations, as suggested in Refs. 17 and
18. Based on the equations of Ref. 16, the total polarization
of a III-N material has a weakly nonlinear and monotonous
dependence on the molar fraction of Al or In. Therefore, if a
material is graded linearly in the y direction of Fig. 1
between two different III-N material compositions, the spa-
tial derivative dP/dy of the polarization is approximately
constant. To understand how grading results in effective dop-
ing it suffices to write the Poisson’s equation as

d d 1dP
5 (o) =alr-rev=ig) @

where ¢ is the permittivity, ¢ is the electrostatic potential, ¢ is
the elementary charge, p is the hole density, 7 is the electron
density, N is the ionized impurity doping density (positive for
donors and negative for acceptors), and the constitutive rela-
tion D = —¢V¢ + P has been used. Equation (2) shows that
grading results in an additional charge density on the right-
hand side. The generally weak nonlinear dependency of polar-
ization makes also the polarization doping density weakly
position-dependent for linear gradients.
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In addition to solving Poisson’s equation for our struc-
tures, we simulate current transport by solving the drift-
diffusion equations. Further details and parameters of the
model can be found in References 15 and 19-21. Based on
Ref. 20, we use electron and hole mobilities of 1000 cmz/Vs
and 70 cm?/Vs in GaN and calculate mobilities for the
AlGaN and InGaN alloys by linear interpolation between
these and the mobilities given for other binary alloys in Ref.
20. For impurity-doped p-type alloys, which typically exhibit
smaller mobility, we use a hole mobility of 5 cm?/Vs, as sug-
gested by measurements in Ref. 21. Recombination rates are
calculated in the homogeneous bulk regions and graded
quasi-bulk regions (with only a gradual change in the
bandgap) by using the conventional ABC model,** which
accounts for the Shockley-Read-Hall (SRH) recombination
with 7,7, = 1 JA = 1077 s, net radiative recombination with
B=25x10"" m’s, and Auger recombination with
Cy,Cp= 10~** m®. In QWs surrounded by abrupt heteroin-
terfaces, the recombination coefficients are affected by the
reduced overlap of the envelope wave functions of electrons
and holes. This effect is taken into account using the approx-
imation derived in Ref. 23, where the bulk SRH, radiative,
and Auger recombination coefficients are all multiplied by
the overlap factor |(¢,|¢,)|* of the ground state electron and
hole wave functions ¢, and ¢, in the QWs. For simplicity,
the overlap factors are calculated separately as a function of
the electric fields in the QWs, and the obtained tabulated val-
ues of the overlaps are then used in the transport simulations.
The emission energy of a QW is also given by the difference
between the conduction and valence band ground states of
the QW. If a strong electric field is present in the QW, this
difference can be smaller than the bandgap of the bulk
material.

By setting suitable boundary conditions, the described
equation system can be solved self-consistently to get the
band diagrams, electron and hole densities and currents, and
local recombination rates. In calculating the net radiative
recombination coefficient B, we assume that the net radiative
recombination rate within the LED cavity is proportional to
radiative recombination coefficient B, (corresponding to the
radiative recombination coefficient of the active region mate-
rial with ideal extraction) with a proportionality factor 0.5.
This factor corresponds to 1 minus the photon recycling fac-
tor, photon escape probability (from the AR), or, if optical
losses outside of the AR can be neglected, to the light extrac-
tion efﬁci<3n<:y.l9’24 Recombination rate densities are inte-
grated over the volume of the whole LED to obtain the total
recombination rate of the whole device, since radiative
recombination in the transparent region is negligible.

Fig. 2 shows the average polarization doping density
when the material is linearly graded from Aly3GagsN to
GaN or from GaN to Ing;5GaggsN. The horizontal axis
shows the distance at which the grading takes place. Using
these material compositions one can typically reach polariza-
tion doping densities in excess of 10** 1/m’ with a grading
distance of a few tens of nanometres. The predicted doping
density obtained using an AlIGaN — GaN grading is in good
agreement with measurements of Ref. 3, where a grading
between 0% and 30% Al composition over a distance of
100 nm resulted in a free carrier density of 1.6 x 10%* 1/m°.
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_ _10% AlGaN-GaN

GaN-InGaN

20 40 60 80
Grading distance (nm)

FIG. 2. Polarization-induced p-type doping densities as a function of the dis-
tance at which the material is graded from Aly3Gag;N to GaN or GaN to
Ing15Gag gsN (with Ga-face growth). If the direction of the grading changes
or the growth is performed N-face, the sign of the polarization doping
changes and results in n-type doping.

Note that in Fig. 2 and structures B, C, and D, the buffer is
unstrained AlGaN and the GaN is strained. Structure A, on
the other hand, is grown on unstrained GaN.

Left panel of Fig. 3 shows band diagrams of the
AlGaN/GaN structures A-D at zero bias voltage, with the
AR marked with a gray background. The band diagram of
structure A in Fig. 3(a) is qualitatively similar to that
reported in Ref. 8, where the grading was of the same type
but in a nanowire and with a larger fraction of Al. Like in
Ref. 8, there is an abrupt material and polarization change in
the AIGaN-GaN interfaces of structure A leading to a large
electric field in the AR. In contrast, structure B of Fig. 3(b)
has no abrupt interfaces and, more importantly, no potential
barriers or additional electric fields because the polarization
charge is distributed over a large distance of several tens of
nanometres. Structures C and D of Figs. 3(c) and 3(d) are
conventional impurity-doped structures with reversed doping
profiles. Due to the inverted doping profile and polarization
charge densities in the AR interfaces, structure D especially
has a very large electric field in the AR, which decreases the
electron and hole overlap and the energy difference between
conduction and valence band states.

Right panel of Fig. 3 shows the band diagrams of struc-
tures A-D at operating points that will be shown to corre-
spond to their maximum internal quantum efficiencies

E (eV)
N DO

V=32V
(b) J=63 Alcm?

E (eV)
NDAO

E (eV)
N

e

E (eV)
NAO

0 40 80 120 80 120 160
Distance (nm) Distance (nm)

FIG. 3. Band diagram of structure (a) A, (b) B, (c) C, and (d) D at zero bias
voltage (left panel) and at the operating point where the maximum IQE takes
place (right panel). Note that in (b) and (d) the n- and p-type regions are on
different sides than in (a) and (c). E. is the conduction band edge, E is the
equilibrium Fermi level, E, is the valence band edge, E, is the conduction
band quasi-Fermi level, and Ef, is the valence band quasi-Fermi level. The
voltage and current density are written in the figures, and the 5 nm thick AR
is marked with a gray background.
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(IQEs). The applied voltages and current densities are
marked in the figures. The band diagrams of (a), (c), and (d)
all have large polarization-induced electric fields and surface
charge densities in the AR, which result in a substantial
electron-hole separation. This decreases significantly the
recombination coefficients and also the current at which the
peak IQE is reached. Also the band diagrams of (a) and (c)
show small quasi-Fermi level changes near the AR interfaces
due to polarization-induced potential barriers, and these
changes become more pronounced at higher input powers.
These changes slightly increase the forward voltage needed
to reach a desired current density to the AR. Structure B of
Fig. 3(b) has no quasi-Fermi level changes and no additional
surface charges or electric fields near its AR, which is
expected to increase its recombination rate as compared to
the other structures. Note that we have used the standard
quasi-Fermi level boundary conditions that result in the large
abrupt change in minority carrier quasi-Fermi level right
next to the contact. The IV characteristics of all the struc-
tures are diode-like and therefore in qualitative agreement
with experimentally reported results.>*1?

Fig. 4 shows the band diagrams of the GaN/InGaN
structures E, F, and G. Band diagrams of the impurity-doped
GaN/InGaN structures F and G follow the same trends as
samples C and D, respectively. Most of structure E of Fig.
4(a) is impurity-doped, but the inset shows the region which
includes the 10nm thick grading from GaN to InGaN, the
5nm thick InGaN AR, and the 10nm thick grading from
InGaN back to GaN. Both left (unbiased) and right (biased at
2.6 V) panels of Fig. 4(a) show that the 10 nm thick grading
is sufficient to remove the abrupt material interfaces. The
electric field in the AR is also significantly smaller in sample
E than in samples F-G.

Electric field in a QW causes the electron (hole) ground
state wave function to be centered near the minimum (maxi-
mum) of the conduction (valence) band edge in the QW and
also makes the emission wavelength dependent on the elec-
tric field. This is a result of the quantum-confined Stark
effect (QCSE, see, e.g., Ref. 26). Fig. 5(a) shows the QCSE
for structures A, C, D, F, and G that all have a QW AR.
Dashed lines in (a) show the bulk bandgap of the QW

E (eV)
NDAO

E (eV)
N

b ] = mm e S =TS =

E (eV)
N

20 60 100 140 100 140 180
Distance (nm) Distance (nm)

FIG. 4. Band diagram of structure (a) E (b) F, and (c) G of Table I at zero
bias voltage (left panel) and at the bias voltage where the maximum IQE
takes place (right panel). Inset in (a) shows the region with the grading from
GaN to InGaN, the InGaN AR, and the grading back from InGaN to GaN
with no impurities.
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(a) (b)
34;- -~~~ —

~ Bulk GaN
CR

5 Bulk InGaN

o

26

&i

107 10° 10° 30 50 70 90

Current density (A/cm2) E~field (MV/m)

FIG. 5. (a) Effective bandgaps (i.e., energy differences between the ground
states of electrons and holes) in the structures with QW ARs as a function of
current density. The dependence of the effective bandgap on the input cur-
rent reproduces a typical QCSE for III-N QW devices.”® (b) Overlap factor
|(¢.]$,)|* in GaN and InGaN QWs as a function of the electric field in the
QW. The inset in (b) shows the electron and hole wavefunctions together
with the band edges in structure C at its maximum IQE.

material compositions. For the large electric fields of the po-
lar QWs, the energy separation of electron and hole ground
states and correspondingly the emission energy becomes
smaller than the bulk bandgap. The behaviour in Fig. 5(a) is
qualitatively similar to QCSE in III-N MQW devices.*® Fig.
5(b) shows the squared overlap factors | (¢, |¢,)|* calculated
for the GaN and InGaN QWs as a function of the electric
field in the QW. The recombination parameters in the QW
structures are considerably smaller than in the bulk due to
the small overlap factors. This also significantly decreases
the current density at which the IQE has its maximum. The
overlaps are in a good agreement with values reported in
Ref. 27. Based on the simulations, the electric fields in sam-
ples with QW AR range from 10 MV/m at high injection cur-
rents to slightly over 100 MV/m at very low injection
currents. Inset in Fig. 5(b) shows an example of the electron
and hole wave functions together with the band edges for
structure C at its peak IQE, where |(¢,|¢,)|* =~ 0.1.

IQEs of structures A-D are shown in Fig. 6(a). IQE is cal-
culated by dividing the total radiative recombination rate
obtained for radiative recombination coefficient B, by the
injection rate I/q (I being the injection current), in accordance
with Ref. 28. Structure B has the highest injection current cor-
responding to the maximum IQE due to the absence of
polarization-induced field in the AR and the resulting larger
recombination rate. In structures A, C, and D, the large elec-
tric field inside the QWs significantly increases the electron
hole separation in the AR. This decreases the recombination
rates and leads to a small input current corresponding to the
peak IQE. We define the onset of the efficiency droop as the
operating point where IQE starts to decline as current
increases. Therefore small droop corresponds to a high current
density at the onset of the droop. Structure B has a

0.8f(a) D B (b) E
w 0.5 c “
S A G
0.2
107 10° 10° 107° 10° 10°
Current density (A/crr12)

FIG. 6. IQE of (a) structures A-D and (b) structures E-G of Table I.
Polarization-doped structures B and E have a significantly larger injection
current corresponding to their peak IQE than their impurity-doped
counterparts.
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significantly smaller droop than the impurity-doped samples C
and D, where the IQE peaks at small currents due to the
reduced envelope wave function overlap and the strong local-
ization of electrons and holes in the opposite sides of the
QWs. The current density corresponding to the maximum
IQE is 63A/cm® in the polarization-doped structure B,
whereas in impurity-doped structure C (D) it is more than two
orders of magnitude lower, namely 0.6 A/cm2 (0.1A/cm2).
The IQE of the polarization-doped structure A is not essen-
tially different from impurity-doped structures C and D,
since it still features a QW with large electric field and
electron-hole separation. The low IQE of structure A is caused
by a large leakage current, which is favored by the linear gra-
dients of band edges in the graded regions of Fig. 3(a).

Fig. 6(b) shows the IQEs of the GaN/InGaN structures
E-G of Table I. The partly polarization-doped structure E has
a smaller droop than its completely impurity-doped counter-
parts F-G. This is again because structures F and G have a
reduced electron-hole wave function overlap, leading to
reduced recombination rates for a given input voltage. The
droop in the conventional structures F-G is qualitatively sim-
ilar to droop in typical experimentally reported impurity-
doped GaN/InGaN LEDs (see, e.g., Refs. 13, 25, and 29).

In realistic structures, the background ionized impurity
density is expected to somewhat diminish the polarization
hole doping.”® Our results, however, show that even reduced
polarization values result in very large doping densities and
many other benefits in terms of efficiency. Also because in
polarization-doped samples B and E, a small part of the radia-
tive recombination takes place in the graded region close to
the AR, polarization doping might enable a small increase in
the emitting volume of the LED and slightly shift the peak
IQE to higher currents.® Due to the possibility to obtain
extremely high free carrier densities by polarization doping, it
may also enable fabrication of, e.g., resonant tunneling diodes
and improved ohmic contacts relying on carrier tunneling.

In conclusion, we studied the origin of polarization
doping and compared the performance of conventional
impurity-doped LED structures and structures making use of
polarization doping by numerical simulations. The simulations
clearly show that, as compared to impurity doping, polariza-
tion doping provides significant benefits to the operation of
III-N LEDs in the form of high p-type doping and more than
one order of magnitude higher current density corresponding
to the maximum efficiency. Smaller droop is reached mainly
due to the smaller electric fields in the light-emitting AR,
leading to smaller electron-hole separation and increased
recombination rates for a given carrier density. In conven-
tional impurity-doped III-N LED structures, the intrinsic
polarization is a significant disadvantage, but with polarization
doping it can be fully exploited for doping in the ideal case.

The research has been supported by Aalto Energy
Efficiency Research Programme (AEF) and the Academy of
Finland.
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