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We report on experimental and simulation-based results using (In, Ga)N alloy quantum barriers in
c-plane green light-emitting diode (LED) structures as a means to improve vertical carrier transport and
reduce forward voltage (Vp). Three-dimensional device simulations that include random alloy fluctuations
are used to understand carrier behavior in a disordered potential. The simulated current density-voltage
(J-V) characteristics and modified electron-hole overlap IFmo,d2 indicate that increasing the indium frac-
tion in the (In, Ga)Nquantum barriers leadsto a reduced polarization discontinuity at the interface between
the quantum barrier and quantum well, thereby reducing Vp and improving 1Fmoc1 1% Maps of electron and
hole current through the device show a relatively homogenous distribution in the XY plane for struc-
tures using GaN quantum barriers; in contrast, preferential pathways for vertical transport are identified
in structures with (In, Ga)N barriers as regions of high and low current. A positive correlation between
hole(electron) current in thep-side (n-side) barrier and indium fraction reveals that preferential pathways
exist in regions of high indium content. Furthermore, a negative correlation between the strain s-- and
indium fraction shows that high indium content regions have reduced strain-induced piezoelectric polar-
ization in the Z direction due to the mechanical constraint of the surrounding lower indium content regions.
Experimentally, multiple quantum well green LEDs with (In, Ga)N quantum barriers exhibit lower Vp and
blue-shifted wavelengths relative to LEDs with GaN quantum barriers, consistent with simulation data.
These results can be used to inform heterostructure design oflow Vp,long-wavelength LEDs and provide

important insight into the nature of carrier transport in Ill-nitride alloy materials.

DOI: 10.1103/PhysRevApplied.17.054048

I. INTRODUCTION

Coherently grown [0001I] oriented heterostructures con-
sisting of (In, Ga)N quantum wells (QWs) and GaN quan-
tum barriers (QBs) exhibit large internal electric fields due
to discontinuities in total polarization at the QW/QB inter-
face. Additionally, random compositional fluctuations in
nitrides give rise to large potential energy fluctuations for
carriers due to the large differences in band gaps between
the constituent compounds, AIN, GaN, and InN. The spa-
tially varying energy landscape at nanometer-length scales
will modify the electrical and optical properties. As a
result, alloy disorder strongly impacts carrier localiza-
tion and transport in light-emitting diode (LED) devices
[J-5]. These effects become more pronounced for green
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LEDs with nigh indium content (In, Ga)N QWs. It was
recently demonstrated experimentally and through three-
dimensional (3D) simulations based on the localization
landscape (LL) theory of disorder that polarization barri-
ers and band offsets at the GaN/(In, Ga)N (lower QB/QW)
interface and sequential filling of QWs contribute to the
large excess forward voltage in green Ill-nitride LEDs
[6,7]. In addition to identifying a contributing factor to
the low wall-plug efficiency of green LEDs, these find-
ings highlighted the importance of using 3D as opposed
to ID simulations to accurately describe carrier transport
in LEDs. A natural extension is the investigation of device
structures that overcome these barriers to carrier transport
in high indium composition QWs. In the work presented
here, the impact of InxGal-xN quantum barriers on the
electrical properties of green-emitting LEDs is examined
experimentally and computationally. Structures incorpo-
rating InxGal-xN QBs will have a reduced polarization

© 2022 American Physical Society
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discontinuity at the QW/QB interface and will also con-
tribute an additional source of alloy disorder to the active
reg10n.

Kuo ef al previously explored the advantages of
Ino.1Gao 9N barriers in blue LEDs using APSYS simulations
[8]. These authors propose that using (In, Ga)N barriers
leads to more uniform electron and hole distribution in
a multiple-quantum-well (MQW) structure resulting from
the lower polarization discontinuity at the QW/QB inter-
face. With more uniform carrier distribution, Auger recom-
bination and thus efficiency droop are reduced. Exper-
imentally, MQW blue LEDs with (In, Ga)N/(In, Ga)N
QWs/QBs were demonstrated to have reduced efficiency
droop, forward voltage, and wavelength shift with cur-
rent compared to LEDs with GaN QBs [9]. Liu et al.
also demonstrated that (In, Ga)N barriers led to improved
carrier injection into deeper (n-side) QWs as evidenced
by relative electroluminescence (EL) intensity of lower
green-emitting QWs to a top blue-emitting QW [1O].

Prior experimental reports motivate the use of (In, Ga)N
barriers in c-plane green LEDs as a means of improving
transport. To date, simulations performed on such struc-
tures have not accounted for the impact of alloy disorder in
the (In,Ga)N barriers. Because compositional alloy fluctu-
ations are a natural consequence of solid solutions and can-
not be independently controlled in experiments, simula-
tions present an attractive option for studying their impact
on device performance. To understand carrier behavior in
a disordered potential, full 3D treatment of the system is
required. For this, we turn to a computational approach
based on the LL theory of disorder to perform efficient
3D device simulations [11-14]. To simulate the electrical
behavior of nitride-based devices, a Poisson-Schrodinger
drift-diffusion solver should be used to solve the cou-
pled equations self-consistently. To account for disorder-
induced quantum effects, the Schrodinger equation should
be solved in 3D for a disordered potential. However, self-
consistently solving for the eigenstates in an alloy system
using quantum mechanical calculations is too computa-
tionally demanding to be practical [14]. As an alternate
approach, the LL model pioneered by Filoche and May-
boroda to obtain an equivalent semiclassical confining
potential is applied here [11-13].

We present here an experimental and simulation-based
study on the use of InxGal-xN quantum barriers in green-
emitting Ill-nitride LEDs. Experimentally, we compare
Ino 04Gao.96N and GaN barriers on forward voltage in one-,
three-, and five-QW green LEDs and perform character-
ization using atom probe tomography (APT). One- and
two-QW LED structures with InxGal-xN barriers (where
Xx=0--0.05) are simulated usinga 3D solver. From 3D sim-
ulations, we analyze the electrical device properties and
the modified electron-hole overlap. Most importantly, we
use simulation data to understand the role ofrandom alloy
fluctuations on carrier transport. The results presented here

provide valuable, and to our knowledge previously uniden-
tified, information regarding electron and hole transport
through InxGal-xN alloy quantum barriers in an LED
active region. In particular, we identify preferred current
pathways through regions with high indium concentration
originating from alloy disorder.

II. METHODS

To experimentally study the effect of alloy quantum
barriers, green LEDs are grown by atmospheric pressure
metalorganic chemical vapor deposition (MOCVD) on
(000 I) patterned sapphire substrates with either GaN or
Ino 04Gao.96N QBs and varying number of QWs. A low-
temperature GaN nucleation layer is followed by 3 um
of unintentionally doped GaN, 2 um of n-GaN, and a
45-period n-type (In, Ga)N/GaN superlattice. The active
region is undoped and consists of 3-nm (In, Ga)N QWs,
2-nm Alo 04Gao 96N capping layers, and 8-nm GaN or
Ino 04Gao.96N QBs. Including (Al, Ga)N capping layers
after the QW growth typically enables more aggressive
GaN QB growth conditions, such as H2 flow and high
temperatures [ [5-18]. In the structures presented here,
which use (In, Ga)N QBs, such aggressive growth con-
ditions cannot be used as they prevent efficient indium
incorporation. Nevertheless, (Al, Ga)N capping layers are
standard in Jong-wavelength LED growth and are therefore
included in the experimental structures. High resolution x-
ray diffraction w-20 measurements of a thick (In, Ga)N
calibration sample are performed on a Panalytical MRD
PRO using Cu Kar radiation (A= 1.5405 A) to calibrate
the (In, Ga)N QB growth rate and composition. The LED
active region has either one, three, or five QW periods. The
p-side of the LED contains JO nm ofp+-GaN, 130nm of
p-GaN, and a 10-nm p+-GaN contact layer. A postgrowth
anneal in N2/02 at 600°C for 15 min is used to activate
the Mg-doped layers. LEDs are fabricated using standard
mesa isolation and contact deposition. Pd/ Au is used as
the p-contact to GaN to allow for reliable voltage determi-
nation. APT measurements are performed on all samples
to investigate the LED active region layer thicknesses and
compositions. APT sample preparation, evaporation, and
reconstruction details can be found in Ref [19].

The c-plane green LED structure presented in Fig. I(a)
is used for the simulations. The single-QW structure
consists of a 40-nm thick n-GaN layer (donor con-
centration Nv =5 x 1018 cm-3), a 3-nm Ino.22Gao.1&N
QW, 7-nm InxGal-xN QBs on either side of the QW,
and a 50-nm thick p-GaN layer (acceptor concentra-
tion NA=2 x 1019 cm-3). The indium fraction x in the
(In, Ga)N QB is varied from 0 to 0.05. The two-QW
structure is identical to the one-QW structure, but an
additional QW and QB are added to the active region.
(Al,Ga)N capping layers are not used in these simula-
tion structures. The (Al, Ga)N layers incorporated into the
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FIG. 1. (a) Full single-QW structure used in the simulations,
where the color scale bar is given in (b). (b) XY map of indium
distribution in the (In,Ga)N QW showing random lateral alloy
fluctuations. (¢) XY map of the conduction band potential Ec(r)
in the QW at a bias of2.9 V. This map is the result of the com-
positional fluctuations in Fig. I(b) and the associated variations
in band gap, electric field, and carrier injection. (d) Indium alloy
composition averaged in the XY plane along the Z direction for
the foursimulated structures with 22% indium in the QW and x%
indium in the QBs, wherex=0, 1, 3,or5.

experimentally grown samples are thin and contain a low
aluminum fraction, as measured by APT. These layers are
therefore not expected to strongly impact transport and
are excluded from the simulations to avoid uncertainty
in defining the complex (In, Ga)N/(AL,Ga)N/(In, Ga)N
alloy profiles. Input parameters for each layer in the struc-
ture are provided in Table I. The LED structures are
meshed using GMSH™ [20,21]. A constant mesh size of
0.6 nm is used in the XY planes and a variable mesh size
is used in the Z direction, ranging from I nm in the p-
GaN and n-GaN to 0. I nm in the QWs and at the layer
boundaries.

The indium alloy composition averaged in the XY plane
alongthe Z direction is shown in Fig. 1(d) for all (In, Ga)N

TABLE 1. Simulation parameters used for each layer in the
structure.

(In,Ga) (In,Ga)N

n-GaN  NQW QB p-GaN
Thickness (nm) 40 3 7 50
Doping (cm-%)  5x10®  1x107 1x107 2x10"
Ea (meV) 25 170
pe (cm/Vs) 200 300 300 32
uh (cm?/Vs) 23 10 10 5
<n(s) 10 1 x10-7 1x10-7 6x10-I0
P (s) 7x10-10 1x10-7 1x10-7 10
Bo (cm¥/s) 2x 10-I1 2x10-II 2x 10- 2x10-!!
Co (cm®/s) 6x10-JI 6x10-3" 6x10-3 6x10-JI

QB compositions used in the simulations. The composi-
tion profiles are based on those observed experimentally by
APT [L,22]. In the 3D computations, the average indium
composition of a layer is first defined, and a random
number generator is used to assign indium and gallium
atoms to each cation lattice site. The Gaussian averag-
ing method described extensively in Ref. [14] is used to
realize a continuous fluctuating composition. Figure I(b)

shows the random alloy map generated; theXYslice in the
QW exhibits random alloy fluctuations as evidenced by the
In-rich and In-poor regions. Although there are alloy fluc-

tuations, the local band gap Eg is retained. The local alloy
composition is used to assign the band gap Eg, dielectric
constant £r, andeffective mass m* at each mesh node. The
values of these parameters can be found in Table I of Ref.
[14]. For an InxGal-xN alloy with indium fraction x, these
parameters are determined by interpolating between GaN
and InN according to the following equations

Eg® =N = (1 ) ES™N 4 xEM™ — 1.4x(1 —x), (1)
G;nj.rGal_J,rN _ (1 —JC)GPEN —I—xG,I.nN, 2)
m*, Il’leal_xN — [(1 _ x)/;m*,GaN +xmt,InN'|—1. (3)

The XY map of the conduction band potential Ec(r) in the
QW is shown in Fig. 1(c), where the conduction band off-
sets between GaN and (In, Ga)N are taken to be 63% of the
band gap difference. However, the energy levels of elec-
trons and holes are not given by the conduction and valence
band potentials Ec,v(7) as quantum effects occur due to the
size and lateral dimensions of energy fluctuations. In the
effective mass approximation, the true carrier energy levels
are obtained by solving the Schrodinger equation obeyed
by carriers in the fluctuating potential [14].

The 3D drift-diffusion charge control (3D DDCC) solver
is employed here to perform device simulations [23,24]. In
this model, the Schrodinger eigenvalue equation [Eq. (4)]
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is replaced with the landscape equation [Eq. (5)]
Hifl(r) = Ei{l(r), “)
Hue,h(r) = 1, 5)
where the Hamiltonian for electrons and holes is given by

RZ
*

eh

H=-

A+ E,,(v), (©)

and /1 is the wave function, E is the eigenenergy, ue,/(r)

are the electron and hole landscape functions, m!n are
the electron and hole effective masses, and Ec,v( ) are
the conduction and valence band potential energies. The
semiclassical effective potentials //ue h(r) from LL the-
ory capture quantum mechanical effects, such as carrier
confinement [13]. By replacing an eigenvalue problem
with a Dirichlet problem, self-consistently solving the cou-
pled Poisson-landscape drift-diffusion equations becomes
computationally tractable using the 3D DDCC solver [14].
Coherently grown III-N heterostructures in the [000I]
orientation exhibit large internal electric fields result-
ing from discontinuities in spontaneous and piezoelectric
polarization that must be accounted for in device sim-
ulations. A 3D continuum stress-strain model is solved
using the finite element method to calculate the strain dis-
tribution. From the strain distribution, the strain-induced
piezoelectric polarization pP2can be evaluated by

€15Exz
elSS}z s (?)
e31(ex + £)y) + €338,

P = [e] - [e] =

where £xx, syy, czz are normal strains and cxy, syz, czx are
shear strains. €15, €31, €33 are the piezoelectric coefficients
(Table Il) from the piezoelectric tensor, where the other
tensor terms are zero due to the 6mm point symmetry for
the wurtzite crystal structure. The spontaneous polarization
J>"P values, as related to the GaN buffer layer, are calculated
from

J>'P =ax+b(l- x) +cx(d - x), ®)

where a, b, and ¢ are coefficients given in Table ITand x is
the alloy composition of InxGal-xN or AlxGal-xN. Tak-
ing the divergence of the total polarization P'°'3'(r) over
the entire domain, where ptotal(r) = ppz + psP, gives the
induced fixed polarization charge Ppoi(r)

V. ptotal(r) =Ppot(r). )
The polarization-induced charge Ppot(r) is solved once

outside the self-consistency loop and is input into the Pois-
son equation to calculate the electrostatic potential <p(r)

TABLE II. Piezoelectric polarization coefficients for GaN,
InN, and AIN and spontaneous polarization coefficients for
(In,Ga)N and (Al, Ga)N alloys [25--27].

Piezoelectric e15 (C cm-?)  e31 (C cm-?)  e33(C cm-?
GaN -0.40 -0.49 0.73
InN -0.40 -0.49 0.73
AJN -0.48 -0.58 1.55
Spontaneous a (C cm-? b (C cm-? ¢ (C cm-2
(In,Ga)N alloy -0.042 -0.034 0.037
(AL Ga)Nalloy  -0.090 -0.034 0.021

and then Ec,v(r). The electron and hole densities, n and p,
respectively, are initially guessed. The Poisson equation is
given by

V- (Vo) =em —p +N; —Ny+pp(r), (10)

where s is the dielectric permittivity, e is the electron
charge, and NA- and N’jj are the ionized acceptor and donor
densities. After obtaining Ec,v(r), the landscape equation
[Eq. (5)] is solved for the landscape functions we,h(r). The
effective potentials //ueh(r) determine the bottom energy
for the local density of states (LOOS, p) of the disordered
system, which in landscape theory can be computed from
Weyl's law in 3D [Eq. (11)] [13]. The carrier densities are
then calculated from Eqgs. (12) and ( 13)

\/i *
et SE= @], (D

mD(Ea l') =
n(Eyr) =l+@@o(E, rf(E)E, (12)
1/ue
1/uh
p (E, 1) = -00 p30(E, 1)f,, (E)dE, (13)

where fin(E) and f,,(E) are the Fermi-Dirac distributions
for electrons and holes, respectively. The carrier densities
are input into the drift-diffusion [Egs. (14) and (15)] and
recombination [Egs. (16) and (17)] equations, which are
given by the following

Jn=nu,nVEFn, (14)

JP= PJJpVEFp, (15)

V- (Jn,p) = xe[Aot Bonp + Co(nzp + npz)], (16)
o np-n/

o ¥ ne<E Eljfkn) ¥ miin ¥ n:e<E,-E kD)

17)

Jn and JP are the electron and hole current densities, Jin
and Jip are the electron and hole mobilities, and EF. and
EFP are the quasi-Fermi levels of electrons and holes. The
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Shockley-Read-Hall (SRH) model is used to account for
nonradiative recombination due to defects through the rate
Ao [Eq. (17)]. rn and rp are the nonradiative electron and
hole lifetimes, n; is the intrinsic carrier density, £, is the
intrinsic energy level, and E; is the trap energy level, which
is assumed to be at midgap. ks is the Boltzmann constant
and Tis taken at room temperature. Bo and Co are the radia-
tive and Auger nonradiative recombination coefficients,
respectively, of bulk materials without disorder or elec-
tric field (see Ref. [14] for a more complete discussion).
In the computation, the electron-hole overlap is captured
by locally calculating n(r) and p(r) [Eqgs. (12) and (13)]
and thus all recombination rates [Egs. (16)and (17)].

In the simulation process, the spatial dependence of
the total polarization P'°'31(r) is first calculated to obtain
the fixed polarization charge Ppol(r). Next, the Poisson
equation is solved for the electrostatic potential </>(r) which
is used to calculate Ec(r) and Ev(r). The landscape equa-
tions Hue(r) = | and Huh(r) = | are then solved for
ue(r) and uh(r). From the effective potentials 1/ue(r) and
I /uh(r), the carrier densities of eclectrons and holes are
calculated and fed back into the Poisson-drift-diffusion
equations to be solved in a self-consistent manner. Con-
vergence is achieved when the potential energy difference
between two consecutive iterations is less than 10-5 eV.

I1l. RESULTS & DISCUSSION

A. J-V characteristics

Current density versus voltage (J-V) curves obtained
from 3D DDCC simulations of the single-QW structure
are plotted in Fig. 2(a) to explore the effect of (In, Ga)N
QBs on forward voltage VF. As the indium composition
in the QBs is increased from 0% to 5%, VF systemati-
cally decreases. At 35 A cm-2, the voltage decrease is
0.05 V per one percent indium in the QB. The same
curves for the two-QW structures with varying QB indium
composition are shown in Fig. 2(b). Again, a decrease
in voltage occurs with increasing indium fraction of the
QB. For a given indium content, the two-QW structures
exhibit higher forward voltage compared to the one-QW
structures. This result agrees with prior experimental and
simulation studies that show that for planar LEDs without
engineered V-defects, additional QWs with undoped barri-
ers are accompanied by a voltage penalty [6,7]. The source
of the voltage penalty is assigned to polarization barriers
and conduction band offsets at the QB/QW interface and
sequential filling ofQWs. Because the simulated structures
used here are planar and do not contain a high density of
V-defects, a voltage penalty with increasing QW number
is expected.

While overall the two-QW structures present higher
VF than the one-QW structures, the decrease in VF with
increasing QB indium composition is also more signifi-
cant. Here the voltage decrease per one percent indium in
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FIG. 2. J-V curves from 3D simulations of green LED struc-
tures with InxGal-xN quantum barriers of varying indium com-
position and either (a) one QW or (b) two QWs.

the QB is 0.11 Vat 35 A cm-2. The advantage of (In, Ga)N
alloy QBs on electrical properties is therefore cumulative
with increasing QW number. By increasing the indium
fraction in the QB, the barrier to transport associated with
each QW is decreased. For the 0% indium QB case, the
voltage penalty for going from one to two QWs is 0.45 V;
in contrast, the voltage penalty is only 0.22 V for the 5%
indium QB structures. These results may be significant for
commercial LEDs where large numbers of QWs are fre-
quently used to improve the optical efficiency of LEDs
but come with the drawback of worse electrical efficiency.
(In, Ga)N QBs may provide a path to reduce the voltage
penalty associated with increasing number of QWs.

B. Carrier recombination

Simulations can also be used to assess the role of
(In, Ga)N QBs on electron-hole recombination and hence
provide additional insight into the reduction in VF.
Equation (16) shows the relationship between the recom-
bination rates and current density. In the 3D DDCC sim-
ulations, n(r) and p(r) are computed in 3D for all r to
calculate the SRH, radiative, and Auger recombination
rates. Thus, the overlap of the carrier density is captured
in the calculated » and p in the simulations. For a fixed
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QW thickness and crystallographic orientation, an increase
in wave function overlap in the Z direction at a given cur-
rent density implies a reduced net electric field in the QW
layer due to the flattening of the conduction and valence
bands. Evaluating the electron-hole wave function overlap
is therefore one way to assess recombination and electric
fields in the QW.

Because the landscape equation is used here instead of
the Schrodinger equation, the eigenvalues and eigenstates
are not directly calculated. Instead, the carrier densities
obtained in 3D are determined from the p assuming Weyl's
law [Egs. (11}--(13)] [13]. The normalized carrier densities
for electrons and holes are calculated as follows:

nx.v.z)
nuorm y2 =m2r¥2J22( ) & d © (182)
Jxi Jy, 21 N X, Y,Z yvz
A% b
Puorm(x,y,z) = 1X271n J,2Z (x z) dxd dz' (18b)
JIx1 JYl zip Y, y
nuorm(x,y,z) dxdydz = 1, (19a)
»’IxZ,é,YZ]zzZ
s 7 YE‘Pnorm(x,y,z) dxdydz = 1. (19b)
‘XJ Y1 zl

The normalized densities are computed over the entire XY
simulation domain. For the single-QW structure investi-
gated here, Z1 is chosen to be the middle of the n-side

quantum barrier (Z1=45 nm) and Z2 to be the middle
of the p-side quantum barrier (Z>= 55 nm). By defining

the domain boundaries in this way, the carrier densities
in the quantum barriers are considered, representing the
wave function penetration in the barriers, which is largely
increased due to compositional fluctuations. Normaliza-
tion allows nuorm(x,y,z) and Pnorm(x,y,z) to be treated
as the probability of electron and hole presence in the

Z1 to Z2 domain. nyrm(x,y,z) and Pnorm(x,y,z) are then
used to define the modified electron-hole overlap IFmo,dz, a

proxy for the square of the electron and hole wave function
overlap 1Fehi2,where

it = | x21Y2122

Xzl

2
- JPnorm(x.v.z) dxdydzl/ (20)
1Fmoc11? as a function of current density for the single-
QW LED structure with different QB indiulﬁn compositions
is given in Fig. 3(a). 1n all cases, [Fmocl]™ increases with
current density due to progressive carrier injection into
the QW and subsequent reduction of the quantum con-
fined Stark effect (QCSE) by partial screening of the

0.04
Cl
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¢ - Carrier density
Q)
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Current density (A cm-2)
FIG. 3. Simulated dependence of (a) the modified electron-

hole overlap JFnxxd? and (b) mean electron (solid) and hole
(dashed) carrier density on current density for single-QW LEDs
with different (In,Ga)N barrier compositions.

electric field. For a given current density, 1Fmoc11? increases
with increasing QB indium composition. This trend is
attributed to a decrease in the net electric field in the
QW resulting from the reduced polarization discontinu-
ity at the QW/QB interface and reduced band offsets
when using (In, Ga)N barriers as opposed to GaN barriers.
With InN and GaN having similar spontaneous polar-
ization coefficients but large lattice mismatch, the spon-
taneous polarization-induced electric field in the QW is
small relative to the electric field arising from piezoelectric
polarization.

Increasing 1Fmoc11? and thus the recombination rate in
the QWs, should also lead to a decrease in the steady-
state carrier density at a given current density according to
Eq. (16). To explore this, the mean electron and hole den-
sities in the single-QW structure are computed according
toEq.(21),

J:? J Y 2]‘222 n(x.y, z) dxdydz

n_(xy e (21a)
v 72- 71 '
x2.1Y2).22 Jaxd, d
p(xy.z) = f)f j)Lf’YLZZZ fo,y,z e (21b)
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The mean carrier densities are computed in the same
domain as the normalized carrier densities. The depen-
dence of /i and O on current density for structures with
different QB indium fraction are plotted in Fig. 3(b). In
all cases, the mean carrier density increases sublinearly
with injection current as n scales approximately between
J'? and J713, following Eq. (16). As the indium frac-
tion in the QB is increased, there is a very small change
in 0 but a decrease in jii. With higher indium fraction in
the QB, IFmMool? is increased [Fig. 3(a)] leading to faster
recombination and reduced total carrier density [Fig. 3(b)].
A change in IFmMo0I? is expected to impact the depen-
dence of internal quantum efficiency (IQE) on current
density, where the IQE is defined as the ratio of the radia-
tive recombination rate to the recombination rate due to all
processes. Figure 4(a) shows the IQE curves for single-
QW structures. While the peak IQE is similar for all
structures, with higher QB indium fraction a slight increase
in the current density at peak IQE and a significant reduc-
tion in droop are observed. The improvement in droop
behavior can be explained by the lower steady-state carrier
density and therefore reduced Auger rate ( Co(n’p *+ np?)
relative to the radiative rate (Bonp). An additional impact
on carrier recombination is seen when looking at the frac-
tion of current due to carrier overflow from the QW at
higher currents, computed as the difference between the
injected current and the recombination currents. It is shown
in Fig. 4(b) that at a given current density, the overflow
fraction of current is smaller for structures with higher
indium fraction in the barrier and that overflow becomes
nelitie dor SRR B sets ndymmeThin e

overflow fraction on the ratio of the applied voltage V
to the built-in GaN p-n diode voltage VBI (Vg1=—=3.3 V)
with ND= 5 x 10'® ¢cm-*> and NA= 2 x 10" cm-’ (assum-
ing 1% acceptor ionization). These results are shown in
Fig. 4(c) where the curves for different QB indium frac-
tions closely overlay one another. From the data in Figs.
4(b) and 4(c), it is observed that the overflow current is
a result of applying a bias in excess of VBI. This empha-
sizes that carrier overflow becomes significant only when
V exceeds VBI of the GaN p-n junction and that overflow
is not connected to the tum-on voltage of the LED. There-
fore, incorporating (In, Ga)N QBs in green LED structures
not only reduces the forward voltage but also leads to
lower carrier overflow. To further avoid overflow current
at high diode voltages, an (Al, Ga)N electron blocking
layer should be used. In Fig. 4(d), the dependence of the
Auger fraction of current on V/VBI is shown. Unlike over-
flow, there is an appreciable fraction of Auger at V/VBI <

I, a regime where droop is observed in Fig. 4(a). The
Auger fraction then begins to decrease with increasing
VfVBI as a smaller fraction of carriers are injected in the

QW, corresponding to the increase in carrier overflow. At
V/VBI = 1.05, overflow and Auger have approximately
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FIG. 4. Simulated dependence of (a) internal quantum effi-
ciency (IQE) at low current densities and (b) overflow fraction of
current density for single-QW LED structures. (c¢) Overflow frac-
tion dependence on the ratio of applied voltage V'to built-in diode
voltage VBI, where VBl =3.3 V. (d) Auger fraction dependence
on V/VBI.
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FIG. 5. The XZ plane (a) indium composition map,(b) electron current density map, and (c) hole current density map for a one-QW
LED with 0% indium barriers. The XZ plane(d) indium composition map, (e) electron current density map, and (f) hole current density
map for a one-QW LED with 5% indium barriers. It can be seen that the high indium composition quantum barrier structure results in

high electron and hole current pathways.

the same contribution to the total current and therefore to
droop.

C. Percolative pathways

3D simulations allow for the determination of the per-
colative transport paths in Ill-nitride materials that arise
due to random alloy fluctuations. Comparing structures
with GaN and (In, Ga)N barriers, spatial differences in
electron current can be visualized. Figure 5 shows indium,
electron current, and hole current maps in the XZ plane
for one-QW structures with either GaN or Ino.osGao 95N

quantum barriers. The (In, Ga)N composltton maps for
the GaN and Ino.osGao 95N QB structures are shown in
Figs. 5(a) and 5(d), respectively. At a current density of
8 A cm-?, high electron current [Fig. 5(¢)] and hole cur-
rent [Fig. 5(f)] pathways are observed for the structure
with (In, Ga)N barriers. In contrast, the electron current
[Fig. 5(b)] and hole current [Fig. 5(c)] are more homoge-
nous for the GaN QB structure and do not show the same
regions of extreme high and low current. The inhomoge-
neous current maps indicate a secondary effect of (In, Ga)N
barriers in addition to the average reduced polarization dis-
continuity at the QW/QB interface. From the current maps
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N 250
E N
u- 0.06 200 |L5 0.06
c 150 ¢
- 0.04 0.04
u 100
c. 0.02 4 0.02
& 50 0
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Indium fraction

Indium fraction

(c) a
7]
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ai
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200 5 i
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150 .. 150 '05
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0 0o Z
0.05 0.To 0.00 0.05 0.1o

Indium fraction

FIG. 6. Correlation plots for the one-QW LED structure with 5% indium barriers (a) Electron current density 1Jnl as a function of
the indium composition in then-side QB and (b) hole current density /JPl as a function of the indium composition in the p-side QBat
V=2.9V, below VBI1- Both the electron and hole current densities are higher in regions of high indium composition. (¢) Z component
normal strain szz as a function of indium composition. Bzz decreases with indium composition in the QB.
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FIG. 7. (a) Atom probe tomography 3D reconstruction of the
active region of a three-QW LED with 4% indium (In,Ga)N
quantum barriers. (b) Experimental Vp measured at 20 A cm-2
for LEDs with one, three, or five QWs and either 0% or 4%
indium (In, Ga)N QBs. A reduction in Vp is measured for LED
structures with (In,Ga)N quantum barriers. (¢) J-V curves and
(d) electroluminescence (EL) spectra for LEDs with one or five
QWs and 0% or 4% indium (In,Ga)N quantum barriers.

it is clear that there are preferential paths for carriers to
flow through the barrier layers to then inject the QW. Alloy
disorder, introduced through the addition of indium to the
QB, is a likely explanation for the spatial variation in cur-
rent through the structure. It is then of interest to identify
what nanoscale variations in materials properties lead to
the altered carrier transport.

To further explore the role of alloy fluctuations and
percolative pathways on carrier transport, the magnitude

of electron current IJNl in the n-side QB and the magni-
tude of hole current /JP| in the p-side QB are plotted as
a function of indium composition in Figs. 6(a) and 6(b),
respectively, for each computational node in the QBs. We
note here that scatter plots obtained using IJnl and IJP | are
nearly identical to those using Jnz and Jpz, respectively.
For both the n-side and p-side QBs, nodes are taken in
the full 30 nm x 30 nm X7V plane. The n-side QB domain
is defined from Z = 41 to Z = 47 nm for a total number
of 150 858 nodes and the p-side QB domain is defined
from Z = 52 to Z = 57 nm for a total of 124 828 nodes.
The scatter plots in Fig. 6 show the properties associated
with each simulation node in the given domain. Here, the
average indium fraction of the QB is fixed at 0.05 and the
variations from approximately 0.02 to 0.08 represent the
random alloy fluctuations for a simulation node. A posi-
tive correlation is observed between electron current in the
n-side barrier and indium fraction as well as hole current
in the p-side barrier and indium fraction. This correlation
indicates that the favorable path for carriers to transport
through (In, Ga)N quantum barriers is along the regions
of high indium content. This can in part be understood by
considering the reduced conduction and valence band off-
sets in regions of high QB indium composition. However,
another factor that should also be examined is the effect of
alloy composition on strain, and therefore strain-induced
piezoelectric polarization ppz

A scatter plot of the dependence of the Z-component
normal strain ezz on indium composition in the quantum
barrier is given in Fig. 6(c). The domain shown is for
the p-side QB from Z= 52 to Z= 57 nm; however, sim-
ilar results are obtained for the n-side QB. The average
ezz is approximately 3 x 10-> and a negative correlation
is observed where ezz decreases with increasing indium
fraction in the p-side QB. At first this result may seem
counterintuitive; typically for a uniform alloy, a larger
ezz would be expected for a higher indium composition
(In, Ga)N film strained to an underlying GaN lattice. How-
ever, a random alloy (In, Ga)N film with regions of high
and low indium composition is being considered here. The
regions of high indium composition will exhibit a smaller
ezz as the lattice is constrained in the Z direction by the
surrounding low indium composition regions. Conversely,
the low indium compositions will have a larger ezz due
to the surrounding regions of high indium composition.
A correlation plot of ezz as a function of indium frac-
tion for the one-QW structure with 1% indium QBs (not
shown here) gives the same negative correlation; however,
the average ezz is less than the average ezz for the 5%
indium QB structure, which is qualitatively the expected
trend. The negative correlation between ezz and indium
fraction in the QB, for a structure with a fixed average
indium fraction, indicates that areas of higher indium con-
tent have a relatively lower Z component of pPz. The high
indium composition, low ppz, regions may further provide
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favorable, low barrier pathways for carriers to transport
through the QBs and into the QWs. This agrees with previ-
ous results showing that polarization discontinuities at the
QW/QB interface result in a polarization barrier for carrier
transport and thus excess voltage in green LEDs [7].

D. Experimental measurements

To compare the simulation and experimental trends,
the grown samples are characterized to identify whether
the trend of lower voltage with (In, Ga)N barriers is
observed. Figure 7(a) shows the APT reconstruction of
the active region of the three-QW LED with (In, Ga)N
barriers. The three (In, Ga)N QWs, (Al, Ga)N capping lay-
ers, and (In, Ga)N QBs can be clearly observed in this
3D reconstruction. The indium and aluminum concentra-
tions measured in APT are consistent with those expected
from growth calibrations. From the profiles, a decrease in
the indium fraction at the top side of the (In, Ga)N QB is
observed. This thin layer can beexplained by unintentional
indium desorption from the QB during the growth pause
(to allow for the substrate temperature to decrease) before
the QW growth. A more uniform indium fraction in the
QB could be achieved in future growths by reducing this
growth pause.

The six green LEDs are measured under electrical injec-
tion to elucidate the impact of alloy quantum barriers
on electrical device properties. Consistent with simula-
tions, for all samples, a decrease in forward voltage is
observed for (In, Ga)N barriers relative to GaN barriers.
The voltage at 20 A cm-?> for all LEDs are shown in
Fig. 7(b) and the full J -V curves for representative one-
and five-QW LEDs are shown in Fig. 7(c). For both the
(In, Ga)N and GaN QB LEDs, Fp first increases from
one to three QWs but remains constant from three to
five QWs. Previous results on c-plane green LEDs with
GaN QBs showed a large voltage increase with increasing
QW number due to polarization-related barriers to car-
rier transport [6]. The moderate increase in voltage with
QW number here is attributed to the use of a high period
(In, Ga)N/GaN superlattice and a low aluminum fraction
(Al,Ga)N capping layer. LEDs from previous studies that
showed a large voltage penalty used a ten-period superlat-
tice and a 20% aluminum cap layer, whereas the structures
reported here incorporate a 45-period superlattice and a
4% aluminum cap layer. The high period (In, Ga)N/GaN
superlattice leads to the nucleation of inverted hexagonal
pyramid defects, known as V-defects [28--31]. The role
of V-defects in reducing the QW-QB polarization barri-
ers is supported by recent literature on long-wavelength
[ll-nitride LEDs which showed that V-defects may pro-
vide a path for carrier injection into the QWs via the
semipolar sidewall, thus leading to lower Vp [32-35]. In
the present study, the V-defect density is approximately

2 x 108 c¢cm-?, which is below the frequently cited opti-
mal V-defect density value of around 1 x 10° ¢cm-? that
leads to substantial improvements in Vp [35]. Therefore,
the V-defects are hypothesized to lead to a reduction in
the voltage penalty, but the effect would be too small to
render the simulation and experimental structures incom-
parable. Additionally, high aluminum fraction (Al, Ga)N
capping layers have been shown to contribute a voltage
penalty [16]. The reduced aluminum fraction used here is
also expected to result in a lower voltage penalty with each
additional QW.

Accounting for the difference in superlattice period
and therefore V-defect density, the experimental trend of
reduced Vp with (In, Ga)N QBs is consistent with the sim-
ulation results. In addition, the peak EL wavelength is blue
shifted for LEDs with (In,Ga)N barriers, likely due to the
reduced polarization discontinuity at the lower QB/QW
interface and therefore reduced QCSE. The EL spectra for
the one- and five-QW LEDs with 0% and 4% indium QBs
are shown in Fig. 7(d). The peak EL wavelengths for the
one-, three-, and five-QW samples with GaN barriers are
505, 515, and 541 nm, respectively. The peak EL wave-
lengths for the one-, three-, and five-QW samples with
(In, Ga)N barriers are 500, 498, and 500 nm, respectively.
A Dblue shift with decreasing QW number for the GaN
barrier samples is also observed. This is attributed to an
increase in the residual electric field of the p-n junction
(due to a decrease in active region width), which cancels
out a portion of the polarization-related electric field in the
QW. The result is a decrease in the net electric field across
the QW and a blue shift as the QCSE is reduced.

IV.CONCLUSION

From our analysis of 3D simulation results, which cap-
ture random alloy fluctuations and their associated effects,
we find that (In, Ga)N alloy quantum barriers provide
several advantages over GaN quantum barriers. Using
(In, Ga)N barriers not only reduces the polarization dis-
continuity at the QB/QW interface, leading to improved
modified electron-hole overlap 1Fmocl 12 and reduced Vp,
but also provides favorable pathways for carriers to inject
the QWs. For a single-QW structure with 5% indium in
the QB, we observe that regions with higher indium con-
tent have higher electron current in the n-side barrier,
higher hole current in thep-side barrier, and lower &zz. The
high indium fraction regions therefore provide preferen-
tial pathways for carrier transport as a result of the lower
Z component of the strain-induced piezoelectric polariza-
tion. Consistent with the simulation data, LED structures
grown by MOCVD with (In, Ga)N quantum barriers also
exhibit lower Vp than those with GaN barriers. The find-
ings presented here highlight the role of alloy disorder
on carrier transport and overall device behavior as well
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as demonstrate the importance of the 3D treatment of
III-nitride materials and devices in simulations.
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