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Impact of nonpolar AlGaN quantum wells on deep ultraviolet laser diodes
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'Department of Electronic Science and Engineering, Kyoto University, Kyoto 615-8510, Japan
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The radiation properties of nonpolar AlGaN quantum wells (QWs) were theoretically investigated
by comparing them to those of c-plane AlGaN QWs with heavy holes as the top valence band
(VB). First, the conditions to minimize the threshold carrier density of c-plane QW laser diodes
were explored. A thin well width (~1 nm) and reduction of the Al content in the well layer were
important to reduce threshold carrier density because narrow wells suppressed the quantum
confined Stark effect and AlGaN with a lower Al content had a lower density of states. Moreover,
the emission wavelength was widely controlled by tuning the Al contents of both the well and
barrier layers under the proposed conditions. Then the properties of nonpolar AlGaN QWs were
investigated. Nonpolar AlGaN had several superior characteristics compared to c-plane QWs,
including large overlap integrals, optical polarization suitable for both edge and surface emissions,
an almost linearly polarized optical dipole between the conduction band and top VB due to the
isolated VBs, and a reduced VB density of state. Finally, the threshold carrier densities of both
nonpolar and optimized c-plane QWs were compared as functions of the transition wavelength. At
a given wavelength, the threshold of nonpolar QWs was lower than that of c-plane ones.
Particularly below 260 nm, nonpolar QWs had a low threshold, whereas that of c-plane QWs
drastically increased due to the large VB mass of AIN and carrier population in the crystal-field

splitting band. © 2011 American Institute of Physics. [doi:10.1063/1.3627180]

. INTRODUCTION

Recently, AlGaN related deep ultraviolet (DUV) emitters
have been intensively investigated to replace mercury lamps
as well as to realize small and efficient sanitary light sources
with high photon energies.'™ AlGaN also displays a unique
optical polarization anisotropy phenomenon.”’ Therefore,
AlGaN semiconductors are attractive in both applied and ba-
sic physics. However, the external and wall-plug efficiencies
of AlGaN light emitting diodes (LEDs) remain very low, and
the threshold of AlGaN laser diodes (LDs) are currently very
large. In particular, lasing with current injection for LDs
occurs in a limited wavelength regime.®

To expand the lasing wavelength of AlGaN LDs, we
propose crystal growth along non-c-plane directions. Some
studies have grown nonpolar AlIGaN quantum wells (QWs),
while others have theoretically investigated the fundamental
electronic properties of non-c-plane AlGaN QWs.”'? In this
study, we theoretically investigate the optical characteristics
of nonpolar AlGaN QWs to elucidate the differences
between the c-plane and nonpolar plane QWs, especially for
use as emitting layers in LD devices.

Il. THEORIES AND MODELS

Valence band (VB) structures are computed by k - p per-
turbation techniques.’ 12 To consider the quantum confined
Stark effect (QCSE) suppression due to field screening by
excited carriers, self-consistent computation is performed by

YAuthor to whom correspondence should be addressed. Electronic mail:
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0021-8979/2011/110(4)/043115/7/$30.00

110, 043115-1

coupling Schrodinger and Poisson equations. Then the opti-
cal gain is numerically calculated based on the band struc-
ture. The sample structure in this study is AlGa;_,
N/AL,Ga,_yN, where AlLGa,;_,N and Al,Ga;_,N represent
the emitter (well) and barrier layers, respectively. The emit-
ter layers are assumed to be fully coherent to the barrier layer
material, which has a native lattice constant. Except for the
crystal-field splitting-energy A, of —217 meV,"? the mate-
rial parameters are from a conventional report.'* For the de-
formation potentials of GaN, we also referred to Ref. 15 and
compared these potentials to the conventional parameters.
The terms transverse-electric (TE) field and transverse-mag-
netic (TM) field represent light where the dominant polariza-
tion is parallel and perpendicular to the growth surface,
respectively. TE and TM are independent of growth
orientation.

lll. BAND STRUCTURE OF C-PLANE AND NONPOLAR
ALGAN SYSTEMS

Figure 1(a) shows the top VB of an AlGa;_,N/Al,
Ga, _,N heterostructure on the c-plane. When the emitter Al
content x is zero, the emitter represents GaN and the top VB,
which dominates the radiation properties of the emitter, rep-
resents a heavy hole (HH). However, when x increases, the
VB energy of crystal-field-splitting hole (CH) overcomes
that of HH, and CH becomes the top VB because A, of AIN
has a large negative value. The boundary between the HH-
top and CH-top is illustrated in Fig. 1 as white solid line, and
the line is roughly given by x ~ 0.6y. Considering quantum
confinement in a QW structure, the crossover Al content
depends on the quantum well width due to the vertical mass

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) Diagram of the top VB of a c-plane Al,Ga,_,N/ Al,Ga;_,N heterostructure. (b) VB line-up of AlGaN/AIN on the c-plane and non-
polar plane. Possible geometries of LD cavities for (c) c-plane AIGaN/AIN with a low Al content, (d) c-plane AIGaN/AIN with a high Al content, and (e) non-
polar AlGaN/AIN (x’ polarization) where red solid, black solid, and black dashed arrows represent the c-axis, electric-field, and propagation direction of light,

respectively.

difference between HH and CH.”"'¢ Thus, the quantum effect
modifies the crossover line, and the condition is approxi-
mately given by x ~ 0.8y when the well width is thin. In
this article, we only consider the situation where x <y
(ALGa,_,N is compressively strained on Al,Ga,_,N) to con-
fine the carriers in the emitter layer using the QW structure.

When CH is the top VB of the emitter layer, CH has dif-
ficulty confining carriers even with the use of QW structures.
For example, the overlap integrals between electrons and CH
wave functions in a 1-nm-thick Al oGag ;IN/AIN single QW
is 1.6%, but is 48% when Coulomb screening is considered
with a carrier density of 1 x 10'* cm 2. There are three rea-
sons why CH confinement is difficult:

(1) The mass of CH along the c-axis is very light (lighter
than electron mass of GaN).

(2) Bandgap discontinuity between Al,Ga; N and Al,Ga; N
is small when x > 0.8.

(3) AlGaN has a smaller VB-offset ratio (~0.2) compared to
that of InGaN (~0.3), reducing the VB bandgap
discontinuity.'’

Unfortunately, CH is extremely difficult to confine and
we cannot find suitable properties, even if the Coulomb
screening effect is considered. Thus, in the following we dis-
cuss only the case where HH is on top for c-plane QWs.

On the other hand, the order of the VB energies in the
nonpolar case is independent of Al content, as illustrated in
Fig. 1(b). In most cases, the energy splitting between the two
topmost VBs (X’ and Y’) is large. Thus, we can consider the
VB as single band for any Al content. The definitions of
crystal coordinates and VB labels for the nonpolar plane are
the same as that in Ref. 18, where x’ and Z’ are parallel to the
c-axis and growth direction, respectively, and y’ is perpendic-
ular to the other two axes. The analytical eigenenergy of the

VBs for the nonpolar case is also given in that article. Addi-
tionally, the large energy splitting makes VB parabolicity
good and the top VB of the nonpolar plane has an optical ma-
trix element only for E || ¢ with the TE mode (x'-polarization)
for any Al content. Furthermore, the c-axis of Al,Ga;_,N is
compressively strained on AlyGa;_,N, and it helps increase
the VB energy of X’ as the Al content x increases.

In summary, Figs. 1(c)-1(e) show the possible Fabry—
Pérot-type cavity geometry of c-plane Al,Ga;_,N/AIN with
low x, c-plane Al,Ga,_,/AIN with high x, and nonpolar Al,
Ga;_,N/AIN. One advantage of nonpolar AlGaN, especially
at high Al compositions, is the optical matrix elements are
suitable for both LD and LED applications.

A. c-plane QWs

1. Overlap and transition energy of thin QWs on
the c-plane

The QCSE reduces the optical transition probability of
c-plane AlGaN QWs. Hence, we initially attempted to increase
the overlap integral |(¢, |¢,)|* maximum, where ¢, and ¢, are
the fundamental eigenfunctions of the conduction band (elec-
trons) and the top VB (holes), respectively. The idea is simple;
reducing the quantum well width suppresses the QCSE. The
emission has been successfully enhanced using this method.>’
Figure 2(a) shows the dependence of the overlap integrals of
Al,Ga;_,N/AIN with well width. The overlap exceeds 70%
when well width is below 1.0 nm (~4 ML). It is worth describ-
ing how a thin well width gives such a high overlap, although
the internal field is large (e.g., 5.5 MV/cm in GaN/AIN QWs).
When x = 0.8, the overlap integral in wells thinner than 1 nm
becomes smaller compared to those x < 0.8 because the
bandgap discontinuity between the well and barrier is very
small. Additionally, the overlap integral of AlygGag,N wells
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thicker than 1 nm becomes larger than that of Al,Ga;_ N tem, a thin well width has large overlap, and ~330 nm can
QWs with x < 0.8 because the internal field decreases due to be achieved using y = 0.2, ensuring the overlap is more than

the lower strain of the well. 70% with a 1-nm-thick well. Although 345 nm is possible
To reduce the QCSE, the well width should be narrow. using a wider well with y = 0.2, the overlap is suppressed to
However, a narrow well blueshifts the optical transition [Fig. about 30%. When the difference between x and y is small,

2(b)] due to the quantum effect. Even if the well material is the Coulomb screening effect by free carriers can slightly
GaN, the transition wavelength is nearly 260 nm when the recover the overlap (Fig. 2), but the recovered overlap is not
well width is 1 nm. Thus, we investigated GaN/Al,Ga,_,N significant when the difference between x and y is large.

QWs. The well material GaN has the smallest bandgap
among Al,Ga;_,N, and lowering y can reduce both the con-
finement potential and hydrostatic energy shift, resulting in a
reduced transition energy. The computed overlap and transi- Figure 3(a) shows the threshold carrier density as a func-
tion energy of GaN/Al,Ga;_,N QWs are illustrated in Figs. tion of well width for c-plane GaN/AIN QWs.'? The thresh-
2(c) and 2(d), respectively. In a GaN/Al,Ga;_,N QW sys- old carrier density has a minimum near 1 nm. Wide QWs

2. Threshold carrier density of c-plane QW lasers
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TABLE I. In-plane effective masses of c-plane QWs.

c-plane m. myy
GaN 0.20 2.0
AIN 0.32 10

have larger thresholds due to the QCSE, because the internal
field cannot be fully screened even under many carriers. A
very small well width (<1 nm) rapidly increases the thresh-
old. This degradation is due to the increased density of state
of conduction band (CB) and VB caused by the wave func-
tion penetration to the barrier.?’ Ideally the density of state
of the particles is determined only by the well material when
the carrier envelopes localize in the well. However, carriers
in a very narrow well partially overlap with the barrier layer,
and the characteristics of the barrier material also affect the
radiation process. Because electrons and holes of AIN are
the heaviest among nitride semiconductors, heavy mass in a
barrier induces a large density of state for active layers sand-
wiched by an AIN or Al-rich AlGaN barrier. As discussed in
the previous section, a smaller overlap integral decreases the
optical gain, but its contribution is minor in the rapid
increase of the threshold in a narrow well.

Figure 3(b) depicts the threshold carrier density as a
function of well width for GaN/AIN and Al 4Gag ¢N/AIN
single QWs. Aly4GaggN QWs have larger thresholds com-
pared to GaN QWs, although both have similar overlap inte-
grals [Fig. 2(b)]. The threshold of the Aly4GagsN QW on
the c-plane is high mainly due to the heavy mass. Table I;
shows the in-plane effective masses of both electrons and
holes (HH). HH of AIN is five times larger than that of GaN.
Because population inversion requires the probability of
both electrons and holes to be excited, a heavy mass requires
a higher excitation to achieve inversion. Therefore, the Al
content of the well material should be reduced.

B. Nonpolar plane QWs
1. VB energy diagram

Figures 4(a) and 4(b) represent the VB energy structure
of nonpolar GaN/Al,Ga,;_,N and Al,Ga,_,N/AIN, respec-
tively. When y = 0 in GaN/Al,Ga; _,N, the emitter material

nonpolar, GaN/AlGaN

J. Appl. Phys. 110, 043115 (2011)

is simply unstrained GaN. Thus, we labeled the three VBs
using HH, light hole (LH), and CH as indicated in the inset
of Fig. 4(a). When y # 0, VBs are mixed due to anisotropic
strain and the three VBs should be relabeled using their
polarization and the method reported in Ref. 18. When y is
less than 0.15, the top VB is Y, but it becomes X' for
y > 0.15 0 [inset of Fig. 4(a)]. If the deformation potentials
in Ref. 15 are adopted, then the singular y value changes
from 0.15 to 0.30. Details are discussed elsewhere.?' On the
other hand, band X’ is the top VB of Al,Ga,_ N/AIN [Fig.
4(b)], regardless of the value of x and is independent of the
variation in the deformation potential due to the large nega-
tive value of A, and the compressively strained c-axis. The
top VB becomes CH when x = 1.0 where the emitter mate-
rial represents unstrained AIN bulk. It is noteworthy that the
top VBs of GaN/Al;Ga,_,N with a large y and Al,Ga,_,N/
AIN are energetically isolated from other VBs; consequently,
the optical polarization between CB and the top VB is almost
unity and most of the holes populate only the top VB even at
room temperature. This characteristic is ideal for LD
applications.

2. Overlap integral and transition energy between CB
and the top VB of nonpolar QWs

Figures 5(a) and 5(b) show the overlap integral and tran-
sition energy of GaN/Al,Ga;_,N QWs with quantum well
thickness, respectively. Due to the absence of the QCSE, the
well width can be thicker for nonpolar QWs, which nicely
confines carriers more than 0.9, even for GaN/Alj,GaggN
where the bandgap discontinuity is relatively small. This is a
critical advantage of the nonpolar plane. As discussed ear-
lier, the VB offset ratio of AlGaN is small and carrier con-
finement in GaN/AlL,Ga,_,N with low vy is difficult.
Similarly, Al,Ga;_,N/AIN QWs have large overlap integral
values, even with a high Al content x. Figures 5(c) and 5(d)
show the overlap integral and transition energy of
Al,Ga;_,N/AIN QWs, respectively.

Even when the top VB of GaN/Al,Ga;_,N becomes Y’
by decreasing Al content y as shown in Fig. 4(a), the confine-
ment properties of the holes are nearly independent of y
because the vertical masses of X’ and Y’ (incidentally, HH)
are close to each other.18 Furthermore, both VB X’ and Y’

nonpolar, AlGaN/AIN

1T T " T 7 ' T
- 0.05|HH .y ~X (a)

et

e

Valence band energy (eV)

03 L 0 o 03 LA

FIG. 4. (Color online) VB energy struc-
ture of (a) nonpolar GaN/Al,Ga;_,N
and (b) nonpolar Al,Ga,_,N/AIN
strained bulks. Origin of VB energy is
set to the VB energy of an unstrained
bulk crystal without crystal-field split-
ting and spin-orbit interaction. Inset in
(a) magnifies the VB structure with an
Al content from 0.0 to 0.3.
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can contribute to the surface emission. Thus, the

range of an AlGaN emitter as a LED can be controlled
between the bandgap of GaN and AIN while maintaining a

high overlap.

3. Optical gain of nonpolar QWs

Figures 6(a) and 6(b) represent the anisotropic optical
gain of nonpolar and c-plane 1-nm-thick GaN/AIN single
QWs, respectively. For comparison, the well widths are fixed
to 1 nm, which is the optimized condition for the c-plane.

nonpolar, GaN/AIN, L=1nm
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FIG. 5. (Color online) (a) Overlap inte-
gral of GaN/Al,Ga;_,N QWs, (b) transi-
tion energy of GaN/Al,Ga;_,N QWs,
(c) overlap integral of Al,Ga; N/AIN
QWs, and (d) transition energy of Al,.
Ga;_ N/AIN QWs. Crystal orientation
is the nonpolar plane.

Because the top VB of nonpolar GaN/AIN is X', E || ¢ polar-
ization dominates gain formation. Furthermore, the energy
separation between the top VB and the second VB of this

system is large (Fig. 4). Hence, the carrier population is dis-
tributed almost exclusively in the top VB, which assists gain
formation. The very weak gain obtained with £ 1 ¢ (in-
plane, y') also relates the top VB possessing some wave

c-plane, GaN/AIN, L=1nm

250 —
- (b) —— N=4x10"cm” 4
200 | — N=5x10"cm”® |
| ——N=6x10"cm” |
150 L N=7x10" cm” i
N=8x10" cm”
Elc —— N=9x10"cm®
e \—Nzlono“ em™ ]
50 | m
0L ]
-50 R
4.6 4.7 4.8 4.9 5.0

Photon energy (eV)

number, and not the second VB.

Figures 6(a) and 6(b) clearly show that the gain of a
nonpolar QW is superior to that of a c-plane QW due to (1)
the absence of the QCSE, (2) polarization matrix elements,

FIG. 6. (Color online) Optical gain of
1-nm-thick AIGaN QWs on the (a) non-
polar plane and (b) c-plane.
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and (3) the reduction of density of state. As previously men-
tioned, because a thin well can reduce QCSE in c-plane
QWs, the first point has a relatively minor contribution in the
gain formation difference. With regard to the polarization
matrix elements, the optical matrix element is isotropically
distributed on the c-plane, but is focused in the x' direction
on the nonpolar plane. Thus, the matrix element of nonpolar
QWs is twice that of the c-plane, which greatly improves the
gain. Although the reduced density of states has been docu-
mented elsewhere'>?? and investigated quantitatively,'® we
stress that it is the most critical issue to realize high-perform-
ance DUV emitters.

AIN has the heaviest mass among InN, GaN, and AIN,
and the density of state is also the highest. The trend where
lighter constituent atoms induce a heavier effective mass is
also found in other semiconductors like GaAs and GaP fami-
lies and is related to the atomic number of V materials. Thus,
the threshold of AlGaN LDs potentially becomes higher as
the Al content increases.

Let us estimate how the nonpolar orientation can reduce
the VB effective mass of AIGaN. Table II shows the effec-
tive masses of CB (electron) and VB (holes) with an X’ base
by using the analytical solution in Ref. 18. The effective
masses of AIGaN can be roughly estimated from Table II by
interpolation. Note that native binaries should have effective
masses of mHH or mCH, but Table II is still useful to under-
stand how the nonpolar Al,Ga,;_,N/Al,Ga,_,N orientation
can reduce VB mass. Comparing Tables I and II we can eval-
uate how the nonpolar orientation reduces the in-plane mass
for the extreme cases of GaN and AIN. The VB mass reduc-

tion ratio \/my ) /mi, is 10% in the AIN case, which is
small compared to that of GaN (28%) or InN (30%). This
fact implies the nonpolar orientation can greatly improve the
performance of AlGaN LDs, and compared to an InGaN sys-
tem should more effectively improve the performance. The
difference in the VB mass reduction ratio between AIN and
GaN or InN is due to the base difference.

IV. COMPARISON OF C-PLANE AND NONPOLAR
LASERS

Figure 7 shows the maximum gain of 1-nm-thick GaN/
AIN QWs on the c-plane and nonpolar plane. The gain prop-
erties for both the transparent carrier density and differential
gain of nonpolar QWs are superior to those for the c-plane
ones due to the reasons discussed earlier. Hence, it is pre-
dicted that nonpolar QWs can maintain a lower threshold
carrier density compared to the c-plane case, even when light
confinement is low and/or internal loss increases upon
increasing the Al content in both the active and cladding
layers.

TABLE II. In-plane effective masses of nonpolar plane QWs.

Xy
\/ 1o 1ty

VB mass reduction ratio

Nonpolar m (nonpolar/c-plane) (%)
GaN 0.20 0.56 28
AIN 0.32 1.0 10

J. Appl. Phys. 110, 043115 (2011)
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FIG. 7. (Color online) Comparison of threshold carrier density between
nonpolar and c-plane GaN/AIN QWs with well widths of 1 nm.

Figure 8 shows the threshold carrier density of 1-nm-
thick nonpolar and c-plane Al,Ga,_,N/Al,Ga;_,N QWs as
functions of their transition wavelengths. The threshold of
nonpolar QWs is smaller than that of the c-plane QWs in a
wavelength range between 200 and 340 nm. For GaN/Al,.
Ga;_,N with low y, the threshold of nonpolar QWs with
E_Lc (y'-polarization) is less than that of E || ¢ (x'-polariza-
tion) due to the anticrossing of VBs of X’ and Y’ as pointed
out in Fig. 4(a). The top VB can change between X’ and Y,
however, the threshold of nonpolar QWs is equal to or less
than that of the c-plane one. Furthermore, both X’ and Y’ pro-
vide TE-mode gain. Therefore, the cavity direction should
be carefully considered.

The most important point in Fig. 8 is the huge threshold
difference in the wavelength regime shorter than 260 nm. In

-
S

T T T T T
—a— nonpolar, AlGaN/AIN, x'
—O— nonpolar, GaN/AlGaN, x’
—0— nonpolar, GaN/AlGaN, y' |
—@— c-plane, AlGaN/AIN

0.6

—o0— c-plane, GaN/AlGaN

-
o

(6]

200 250 300 350
Transition wavelength (nm)

Threshold carrier density (x1012 cm'z)

FIG. 8. (Color online) Threshold carrier density of 1-nm-thick Al,Ga;_ N/
AlGa;_,N QWs. Black, red, and blue lines represent the threshold for
c-plane QWs, nonpolar QWs with E || ¢ (x'-polarization), and nonpolar QWs
with E_L¢ (y'-polarization), respectively. Small numbers indicate Al content.
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this regime, the well Al content x is greater than zero and
density of state of VB increases with increasing x. However,
the VB effective mass of nonpolar QWs is relatively small,
whereas that of the c-plane is enormous. Thus, the threshold
of nonpolar LDs remains small, even for a high Al content x.
In contrast, the threshold drastically increases for a c-plane
LD with a high Al context x. Moreover, when x of the c-
plane Al,Ga;_ N QW increases, CH approaches HH. Conse-
quently, the carrier population is distributed for both VBs,
resulting in a gain partition for both the TE and TM modes.
This also pushes the threshold up. Nonpolar QWs can also
accept a wide well width, which should be less than the criti-
cal thickness. Hence, widening the well should extend the
low threshold regime.

V. SUMMARY

We theoretically compared the radiation properties of
nonpolar AlGaN QWs and c-plane AlGaN QWs. We initially
examined c-plane QWs with HH as the top VB. A thin well
width around 1 nm is ideal to minimize the threshold carrier
density. Additionally, reducing the Al content in the well
layer is important because a narrow well suppresses QCSE
and simultaneously increases overlap. Moreover, AlGaN
with a lower Al content has a smaller density of states.

Next, we investigated the VB energy structure, overlap
integral, transition energy, and optical gain of nonpolar
AlGaN QWs. Compared to c-plane QWs, nonpolar AlGaN
has several superior characteristics, including large overlap
integrals, suitable polarization for both edge and surface
emissions (X’ or Y’), a nearly linearly polarized optical dipole
between CB and the top VB, and a reduction in the VB den-
sity of state. Consequently, nonpolar QWs have a lower
transparent carrier density and higher differential gain. Thus,
nonpolar QWs should possess a lower threshold carrier den-
sity compared to the c-plane case.

Finally, we compared the threshold carrier densities of
both nonpolar and the optimized c-plane QWs as functions
of the transition wavelength. Regardless of wavelength, the

J. Appl. Phys. 110, 043115 (2011)

threshold of nonpolar QWs is less than that of c-plane ones,
especially below 260 nm where nonpolar QWs maintain a
low threshold, but the threshold of the c-plane QWs drasti-
cally increases.
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