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Polarization switching phenomena in semipolar In,Ga;_ N/GaN quantum well active layers
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We report the observation of optical polarization switching in In,Ga;_,N/GaN quantum well active layers,

using semipolar {1122} planes. When the In composition is less than ~30%, the emissions related to the top

and second valence bands are polarized along the [1100] and perpendicular [1123] directions, respectively,
similar to earlier studies. On the contrary, as the In composition increases above 30%, the polarizations switch,
indicating a crossover between the two valence bands. Because the polarization degree is less sensitive to the
well width, the observed polarization switch is ascribed to the InN deformation potentials.
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A typical nitride-semiconductor-based light emitter con-
sists of c-oriented quantum wells (QWs), where piezoelectric
and spontaneous polarizations lower the optical transition
probability.! One way to circumvent this decreased probabil-
ity is to grow QWs on nonpolar’>® or semipolar*~’ planes
tilted from the ¢ plane because a reduced or even negligible
polarization is expected.®” Recently, we have experimentally
demonstrated that the {1122} plane is promising for high
emission efficiencies*> and have fabricated light-emitting di-
odes (LEDs).

Unlike the polar (0001) plane, nonpolar and semipolar
planes have low crystal symmetries, which cause optical an-
isotropy. For example, because the lowest energy transition
in GaN is polarized perpendicular to the [0001] direction,
polarization is not observed from the [0001] direction,
whereas linear polarization is observed from the nonpolar
directions. Intermediately, the polarization degree in un-

strained, semipolar {1122} GaN has been calculated to be
56% (Refs. 10 and 11) and has been experimentally con-
firmed to be 46% by photoluminescence (PL) and reflectance
spectroscopy.”!? Because the optical anisotropy directly re-
flects the energy-band structures of emitting layers, critical
factors to be investigated in strained-QW-based light emitters
are strain and quantum confinement. Their effects have been
theoretically studied for arbitrary crystalline orientations of
GaN QWs!'? and GaN/AlL,Ga,_ N QWs.!3 Experimentally,

strain effects have been examined for nonpolar {1 100} (Refs.
14 and 15) and polar (0001) (Refs. 16 and 17) GaN films.
Regarding In,Ga;_ N QWs with relatively low In composi-
tions, the polarization properties have been investigated for

semipolar {1122} (Ref. 5) and {1101},'® and nonpolar (1100)
(Refs. 19-21) by PL and electroluminescence (EL) spectros-
copy. The results consistently showed that the emission is
polarized perpendicular to the ¢ axis. In contrast, herein, we
revealed polarization switching phenomena in semipolar

{1122} In,Ga,_,N/GaN QWs and LEDs through systematic
studies on these structures with various well widths and In
compositions. Then, the experimental results were analyzed
by the k-p approach to gain some insight into the energy-
band structures of semipolar or nonpolar In,Ga,;_ N QW.
The QWs and LEDs were fabricated by metalorganic va-

por phase epitaxy on {1122} GaN bulk substrates. The
growth and sample structures are detailed in Refs. 5 and 6.
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PACS number(s): 78.67.De, 78.55.Cr, 78.60.Fi

The In,Ga;_,N well widths were designed by referring to the
growth rate, which was derived in advance from x-ray dif-
fraction profiles of multiple QWs. The In compositions were
determined by the well width and the PL or EL peak energy.
PL and EL were measured at room temperature (RT). PL was
excited by a He-Cd laser (325 nm), while EL was driven by
a direct-current source. The excitation was as weak as
12.7 W/cm? for PL and 0.5 A/cm? for EL, unless stated.
The in-plane polarization properties were assessed using a
Glan-Taylor polarizer. For EL, microscopy was adopted to
limit the observation area to ¢~ 10 um (in-plane) and
~14 um (out-of-plane) using a receiving pin hole of
¢62.5 pm. This procedure enabled the influence of light
scattering within the LED chips and dies to be eliminated.

In terms of the in-plane optical anisotropy in the {1122}
plane, the key directions are the [1100] direction (_L[0001])
and the perpendicular [1123] direction. Figures 1(a) and 1(b)

show typical polarization EL spectra of (1122) blue and red
LEDs, respectively. The In composition and well width for
the blue LED were 17% and 2.4 nm, respectively, while
those for the red LED were 48% and 2.9 nm. The spectra
were acquired for the electric-field vectors of emitted light
(E) parallel to the two key directions, where the EL intensity
reached either a minimum or a maximum. For the blue LED,

the EL intensity was maximized with E|I[1100] and mini-

mized with E||[1123]. This predominant polarization perpen-
dicular to the ¢ axis is similar to the previous reports.>!8-2!
On the contrary, the red LED demonstrated the opposite ten-
dencies, suggesting considerable modifications of the
energy-band structures. To survey the polarization properties

in {1122} semipolar QWs and LEDs, polarization degrees, p,
were estimated for all fabricated samples. p was defined as
(Iriv001= 11123/ Upi00)+ I1i123))s using the integrated lumi-
nescence intensity, I. Therefore, the positive (negative) p
means the predominant polarization along the [1100]
([1123]) direction. Figure 1(c) displays the sign of p as a
function of In composition and In,Ga,_ N thickness. The
solid curve in Fig. 1(c) shows the calculated critical layer
thickness for c-plane In,Ga,_,N on unstrained GaN.??> (Be-
cause relaxation processes in semipolar films have yet to be
clarified, the model for the ¢ plane was tentatively adapted.
The QWs with ~50% In are thicker than this critical thick-
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FIG. 1. (Color online) Polarization EL spectra of (1122) (a) blue
and (b) red LEDs driven at 0.5 mA. The (blue/dark gray) solid lines
show EL spectra with ElI[1100], while the (red/gray) broken lines
are for ElI[1123]. (c) Sign of the polarization degree (p) as a func-
tion of In,Ga;_,N thickness and In composition.

ness, but the polarization properties were consistent with
other samples, suggesting the absence of relaxation.) As long
as In,Ga,;_,N was pseudomorphically grown on GaN, an In
composition less than ~30% caused polarization parallel to
[1100] (p>0), while a composition greater than ~30%

switched the polarization direction to [1123] (p<<0).
Comparison between Figs. 1(a) and 1(b) revealed that the
EL spectra with E|I[1100] and E|I[1123] are located at dif-
ferent energies. Figure 2 shows the energy separations as a
function of In composition, where the peak energy for
EI[1100] (EE,”OO]) was subtracted from that for E|I[1123]

(E%1 1231y As discussed below, the solid curve is due to the fit.
Clearly, for an In composition less than ~30%, spectra with
EII[1100] were located at lower energies, but the opposite
tendencies were observed with a composition greater than
~30%. Comparing Fig. 2 to Fig. 1(c) indicated that the di-
rection for lower energy emissions corresponds to the pre-
dominantly polarizing direction; namely, for the [1100] po-
larization (p>0), EY lf’f)]<EE,llzf], whereas for the [1123]
polarization (p<0), Egm] <E£,1100]. These observations sug-
gested that the polarization properties are determined by two
competing components related to [1100] and [1123].

To identify the two components, the injection current de-
pendence of EL spectra was measured for a (1122) green
LED with an In composition of 38% and a well width of 2.2
nm, as shown in Fig. 3. Two findings should be emphasized:
(i) Weaker EL spectra were always located at higher ener-
gies, which is consistent with Figs. 1(a) and 1(b); (ii) As the
injection current increased, the EL intensity for El[1100]

relative to that for E||[1123] increased, but the peak energy
separation remained nearly constant.
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FIG. 2. (Color online) Energy separation between the emission

peaks of spectra for ENI[1100] and EN[1123] as a function of In
composition. Solid curve is a result of the fit.

All the above results can well be interrelated by consid-
ering the A and B valence bands.”> When the In composition
was lower than ~30%, the topmost A band was dominated

by a P orbit along the [1100] direction, while the second

highest B band was dominated by that along the [1123] di-
rection. As the In composition increased, these two valence
bands approached, and eventually, a crossover occurred,
which resulted in the A and B bands being dominated by the

[1123]-related and [1100]-related states, respectively. Figure
4 is a schematic of this variation in the band alignments. The
observed energy separations (Fig. 2) well approximated
those between the A and B bands. On the other hand, because
the hole population in the A band was inevitably greater than
that in the B band, A-band-related emissions were always
more intense. As carrier injection increased, the quasi-Fermi
level for holes approached the valence band. Consequently,
the population in the B band increased with respect to that in
the A band, which relatively strengthened the B-band-related
emission without remarkably changing the peak energy sepa-
ration (Fig. 3).

Because carriers were thermally redistributed in the A and
B bands under the current experiments at RT, differences in
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FIG. 3. (Color online) Injection current dependence of polariza-

tion EL spectra of a (1122) green LED. The (blue/dark gray) solid
and (red/gray) broken lines were defined in the same manner as
those in Fig. 1. Thin solid line shows the energy difference between

EL spectra with ElI[1100] and ElI[1123].
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FIG. 4. (Color online) Band alignments of {1122} QWs with (a)
In=<30% and (b) In=30%. CB stands for the conduction band.

the properties of A and B excitons such as thermal stability
may influence the relative intensities of polarization spectra

acquired for the [1100] and [1123] directions. Therefore, to
separately assess the polarization properties of A and B
bands, each polarization spectrum was assumed to involve
two emission components due to those bands, and was de-
composed into two Gaussian curves. Hence, there were to-
tally four Gaussian curves for a pair of polarization spectra.
However, because the A-band-related (or B-band-related)
component in either polarization spectrum must have the
identical peak position and line width, the number of fitting
parameters was reduced to eight. Furthermore, from the
stronger polarization spectrum, the peak position, line width,
and amplitude of the A-band-related emission could be de-
termined without serious errors. This, in turn, contributed to
a better fit of the B-band-related parameters, although the
much weaker B-band-related emission sometimes caused an
uncertainty of at most 20% particularly for QWs with large
A-B splitting energies. Using thus determined A and B band
components, the polarization degree was evaluated for each
band.

Figure 5 displays the well-width dependence of the polar-
ization degrees for the A and B bands. The QWs were grown
under the same conditions, and the In composition was
20£2%. The polarization degrees were nearly independent
of the well thickness, and ~0.8 for the A band and —1.0 for
the B band. These quantities indicated that both emissions
are polarized almost linearly along the perpendicular two di-
rections, strikingly different from bulk GaN (p=0.56 for A
and 0 for B) due to the mismatch-induced strain. A theoret-
ical study has predicted the degradation of linear polarization
in extremely thin QWs,!? but the prediction was not observed
experimentally within the current experimental accuracy.
This discrepancy should be due to the infinite-barrier ap-
proximation adopted in the calculation.
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FIG. 5. (Color online) In,Ga,_,N thickness dependence of the
polarization degrees for the A and B bands.
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FIG. 6. (Color online) In composition dependence of the A-band
and B-band polarizations.

For the same series of the QWs, the A-band polarization
degrees were directly evaluated by lowering the measure-
ment temperature to 10 K, where carriers were hardly popu-
lated to the B band. Those were 0.83, 0.84, and 0.81 for well
widths of 0.8, 1.7, and 5.1 nm, respectively, consistent with
Fig. 5. Furthermore, although the large inhomogeneous
broadening of PL and EL suggests the presence of localized
excitons, the polarization degrees were nearly constant
within the spectra, irrespective of the well widths, which
indicates that the carrier localization does not affect the po-
larization properties.

On the other hand, Fig. 6 shows the In-composition de-
pendence of the polarization degrees for the A and B bands
in QWs and LEDs with 2-3-nm-thick In,Ga,;_N. When the
In composition was increased from 0 to ~25%, the polariza-
tion degree for the A band was gradually increased from
~0.5 to 0.8 and that for the B band was drastically changed
from nearly O for In=0% (GaN) to about —1.0 for In
=10-25%. Further increasing the In composition caused a
polarization switch at ~30%. For the In composition above
~30%, the polarization degree for the A (B) band was ~
-0.8 (0.9).

Let us discuss the mechanism of the polarization switch,
based on the k-p approach. The A and D parameters are
generally important to describe QW properties, as A’s ex-
press the effective masses, and D’s are the deformation po-
tentials. However, as long as we examined the reported,
widely varied A parameters,* such scattering has a negli-
gible effect on the calculated polarization properties, indicat-
ing that, in highly strained In,Ga;_,N/GaN QWs, the quan-
tum confinement does not affect the valence-band order so
significantly as the strain does through the deformation po-
tentials. This finding is consistent with Figs. 5 and 6. Hence,
the quantum confinement effect was neglected in the follow-
ing analysis. Further neglecting the spin-splitting interaction,
the 6 X 6 valence-band Hamiltonian can be diagonalized to
obtain the eigenenergy for each valence band. The energy
separation between the A and B bands at the I' point in
strained In,Ga,_,N layers with arbitrary orientations can thus
be simplified to

EX —EY ={E, = 3E, - (E, + E;)* + 8(Dge,) /2, (1)

where EX’ (EY ’) is the transition energy for the X’ (Y') po-
larization, Ey=Ay+D;€. +Dy(€+€,,), E;=Ds(€,,—€,,), A,
is the crystal-field splitting energy, and € represents strain
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tensor elements.”> X’ and Y’ stand for the two in-plane per-
pendicular directions, and Y’ L [0001]. Therefore, EX' and
EY' are related to the A or B band. For the (1122) plane, X’
was [1123], and Y’ was [1100]. The (x,y,z) orthogonal co-
ordinates were defined with respect to the wurtzite lattice,
where x and y were in the ¢ plane, while z was along the ¢
axis. Moreover, y was the rotation axis, that is, yll[ll_OO] for

(1122) planes. Semipolar planes are characterized by aniso-
tropic strain in the ¢ plane (€, # €,,) and the presence of
shear strain (e, #0), which allow the contributions from Ds
and Dg and promote band mixing.

Initially we calculated Eq. (1) using the well-accepted
physical parameters.’® The In,Ga,_ N parameters were de-
rived by the linear interpolation between the GaN and InN
parameters, and the strain was calculated assuming the co-
herent growth. However, this parameter set could not repro-
duce the polarization switch probably due to the lack of data
for the InN deformation potentials, which were substituted
by those of GaN. Therefore, the InN deformation potentials
(D3, Dy, Ds, and Dg) were determined so as to minimize the
difference between the experimental data in Fig. 2 and cal-
culation by Eq. (1) under the cubic approximation of D,=
—D;/2.%7 (This equation was experimentally confirmed for
wurtzite GaN.'#) In the fit, the experimental data for
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In,Ga,_N thicker than 2 nm was used to surely avoid the
influence of the quantum confinement. Consequently, D =
-D3/2=-0.05 eV, Ds=-3.5 eV, and Ds=-8.8 eV were
derived. Although D; and D, cannot be determined as they
are not involved in Eq. (1), we suggest D,—D,=D;
=0.10 eV, applying another cubic approximation. The result
of this fit is shown as a solid curve in Fig. 2, which agrees
reasonably well with the experimental data.

The energy differences of E¥ —E' in nonpolar
In,Ga,_ N/GaN QWs were reported to be 5, 40, and 60 meV
for In compositions of 10, 18, and 23%, respectively,21 which
we evaluated from the reported well width and emission
wavelength. On the other hand, the energy differences evalu-
ated by Eq. (1) with the parameters in Ref. 26 were 19, 25,
and 30 meV for the respective In compositions, while the
obtained InN deformation potentials provided a much better
fit of 24, 43, and 59 meV, supporting the current analysis. It
is interesting to note that neither parameter set predicts po-
larization switch in nonpolar QWs. Therefore, the determi-
nant of the polarization switching properties in semipolar
QWs is the shear strain, €., which is absent in nonpolar
QWs. Regarding a device application, the present results in-
dicate that cavity mirrors of semipolar laser diodes emitting
green or a longer wavelength can be formed by cleavage.
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