Virginia Commonwealth University

VCU Scholars Compass

Electrical and Computer Engineering Publications Dept. of Electrical and Computer Engineering

2014

Excitonic recombination dynamics in non—polar

GaN/AlGaN quantum wells

D. Rosales
Laboratoire Charles Coulomb, Universite Montepellier 2

B.Gil
Laboratoire Charles Coulomb, Universite Montepellier 2

T. Bretagnon
Laboratoire Charles Coulomb, Universite Montepellier 2

See next page for additional authors

Follow this and additional works at: http://scholarscompassvcu.edu/egre pubs

b Part of the Electrical and Computer Engineering Commons

Rosales, D,, Gil, B., & Bretagnon, T., et al. Excitonic recombination dynamics in non-polar GaN/AlGaN quantum wells.
Journal of Applied Physics, 115, 073510 (2014). Copyright © 2014 AIP Publishing LLC.

Downloaded from
http://scholarscompass.vcu.edu/egre_pubs/194

This Article is brought to you for free and open access by the Dept. of Electrical and Computer Engineering at VCU Scholars Compass. It has been
accepted for inclusion in Electrical and Computer Engineering Publications by an authorized administrator of VCU Scholars Compass. For more

information, please contact libcompass@vcu.edu.


http://www.vcu.edu/?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
http://www.vcu.edu/?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs/194?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:libcompass@vcu.edu

Authors
D. Rosales, B. Gil, T. Bretagnon, B. Guizal, F. Zhang, S. Okur, M. Monavarian, N. Izyumskaya, V. Avrutin, U
Ozgiir, H. Morkog, and J. H. Leach

This article is available at VCU Scholars Compass: http://scholarscompassvcu.edu/egre_pubs/194


http://scholarscompass.vcu.edu/egre_pubs/194?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F194&utm_medium=PDF&utm_campaign=PDFCoverPages

JOURNAL OF APPLIED PHYSICS 115, 073510 (2014)

@ CrossMark

Excitonic recombination dynamics in non-polar GaN/AlGaN quantum wells
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The optical properties of GaN/Al 15GaggsN multiple quantum wells are examined in 8§ K-300K
temperature range. Both polarized CW and time resolved temperature-dependent photoluminescence
experiment are performed so that we can deduce the relative contributions of the non-radiative and
radiative recombination processes. From the calculation of the proportion of the excitonic
population having wave vector in the light cone, we can deduce the variation of the radiative decay
time with temperature. We find part of the excitonic population to be localized in concert with the
report of Corfdir et al. (Jpn. J. Appl. Phys., Part 2 52, 08JCO1 (2013)) in case of a-plane quantum
wells. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865959]

. INTRODUCTION

Nitride semiconductors have been running the show for
more than quarter of a century after utilizing growth of high
quality epilayers on foreign substrates. This is made possible
by a thin low temperature and annealed buffer layer (either
AIN, or GaN, or ternary alloys of multilayers).H which has
been developed as a quality-impacting nucleation layer. The
nucleation layer improved the material quality, reduced the re-
sidual n-type doping® and paved the way for demonstrations of
p-doping,” blue light emitting diodes,® and nitride-based lasers.”
As the high-quality samples became available on c-plane, as
noted at Meijo University,” the deleterious effect of Quantum
Confined Stark effect on light-matter interaction”'° and thus on
performances of light-emitting diodes became evident.

The absence of the polarization fields normal to the QW
plane in non-polar structures makes it possible to eliminate
the excitation density dependence of the luminescence peak
energy and variation of radiative lifetime with well thick-
ness. Moreover, the eliminated separation of electrons and
holes in non-polar QWs provides an ideal realm for studies
of exciton recombination dynamics and excitonic recombi-
nation selection rules. So far, most of the studies in this field
have focused on InGaN QWs widely utilized as active
regions in blue/UV LEDs and laser diodes. It has been shown
that, in this case, excitonic recombination dynamics are gov-
erned by localized states, rather than reflecting the intrinsic
properties of the material.'""'? Only few works so far have
been dedicated to detailed investigation of excitonic recom-
bination in non-polar GaN'*'* and GaN/AlIGaN QWs."”
Therefore, it is imperative to study the optical anisotropy
and exciton dynamics in non-polar GaN/AlGaN QWs.

Hetero-epitaxy along the non-polar'"'®!7 as well as semi-
polar orientations'® was proposed as an alternative for producing
improved nitride heterostructures and devices.'® The lack of eas-
ily accessible bulk lattice matched substrates has hampered rapid
progress but was a complementary source of motivation. To this
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end growth of bulk nitrides has been very limited although very
actively pursued. The difficulty to grow large size high quality
nitride boules is on its way to be overcome and a large variety of
different growth approaches are now available either for grow-
ing bulk GaN or AlGaN or AIN.*° Cutting these boules with
chosen orientations and processing of the sawed surface to epi-
ready standards is, however, a serious issue.

In this work, we examine the optical properties of
GaN/AIGaN multiple quantum wells grown by metal-organic
chemical vapor deposition (MOCVD) on free-standing bulk
m-plane (1010) GaN substrates. We first report the experimen-
tal anisotropy of the in plane optical response and followed by
segueing into study of the properties of the excitonic emission.
We find the excitonic recombination to be dominantly radia-
tive up to about 80K in our moderately shallow quantum
wells. At higher temperatures, non-radiative recombination
channels and the thermally induced de-trapping of the carriers
photo-created in the barrier layers influence the recombination
dynamics and the robustness of the photoluminescence.
Following the experimental details, we analyze the optical ani-
sotropy, photoluminescence intensity and decay times with
varying temperature and close with concluding remarks.

Il. EXPERIMENTAL DETAILS

Five 1.5 nm thick GaN quantum wells (QWs) separated by
8.5nm Al 5GaggsN barrier layers were grown at a substrate
temperature (Ts) of 1045 °C by MOCVD on free-standing bulk
m-plane (10-10) GaN substrates provided by Kyma
Technologies. Prior to QWs, a 400 um GaN buffer was grown at
Ts = 1050 °C followed by a 30 nm AlGaN layer. The multi-QW
structure was capped with 20nm AlGaN and 3nm GaN. The
schematic of the sample structure is shown in Figure 1.

The sample was mounted in a helium flow cryostat for
all measurements and the temperature varied from 8K to
room temperature. The excitation was provided by a mode-
locked frequency tripled titanium-sapphire laser, with a 2 ps

© 2014 AIP Publishing LLC
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FIG. 1. Sketch of the sample design. Five periods of the quantum well basic
building blocks are shown. The orientations of the x, y and z axes of the
Cartesian basis are also indicated at the bottom corner on the left hand side
of the figure.

pulse width and a wavelength of 266 nm. The focused laser
spot diameter was 100 um. We estimate that the photogener-
ated carrier density was about 3—4 x 10" cm 2. Due to the
relatively slow photoluminescence decays, we have adapted
a laser repetition rate of 4 MHz by using an acousto-optic
modulator. The photoluminescence signal was dispersed by
an imaging spectrometer and then temporally resolved by a
streak camera with an overall time resolution of 8 ps.

lll. OPTICAL ANISOTROPY AT LOW TEMPERATURE

It is well established, from group theory, that the optical
response for the orientation under investigation, m-plane, is
expected to be anisotropic in the growth plane. Experiments
carried out on a-plane grown GaN/AlGaN non-polar quantum
wells?'*? have in particular reported it. Experiments recently
published by Funato ez al. on AlIGaN/AIN m-plane grown quan-
tum wells (here the quantum well layer is an aluminum-rich
alloy) have also reported on optical anisotropy.® This is also
confirmed by the data displayed in Figure 2 where a series of
8 K photoluminescence spectra recorded for various orienta-
tions of the electric field of the emitted photon radiation is plot-
ted. We wish to emphasize the non-observation of
photoemission in the 3.42eV region. Such emission is typical
for growth of non-polar GaN layers deposited on lattice mis-
matched foreign substrates®* but is not observed for m-plane
bulk GaN substrates. The signature of the bulk GaN photo-
luminescence (radiative recombination of donor-bound excitons
at an energy peaking slightly below 3.480eV at 8 K) is maxi-
mum when one probes the I'g hole for the electric field of the
emitted photon parallel to the ¥ direction in the Cartesian basis.
A 5meV splitting is observed between the y and 7 polariza-
tions, the latter being blue-shifted. At higher energies the
inhomogeneously broadened photoluminescence band corre-
sponding to radiative recombination of the confined excitons is
noted at 3.616eV with a full width at half maximum of
61 meV, while radiative recombination of excitons localized in
the ternary barrier layers is observed at 3.709eV with a full
width at half maximum of 69 meV. From the energy of this
recombination in the barrier layer and including the Stokes-shift
always observed between the photoluminescence and a
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FIG. 2. Dependence of the photoluminescence intensity as a function of the
orientation of the emitted photons. The origin of the angles is taken parallel
to the y direction of the Cartesian basis.

photoreflectance or reflectance experiment,25 we estimate the
aluminum composition in the ternary barrier layers to be about
14%.° Figure 3 shows the intensities of the photoluminescence
from the GaN, the multi-quantum well stack, and the barrier
layers in polar coordinates. The crystallographic axes
(a1, a>, ), with respect to the unity vectors in the Cartesian
basis (¥, y, Z) are indicated on the schematic inserted at the
right top corner of Figure 3. Interestingly, all three intensities
display similar behavior versus the polarization angle. The
2;; (where I, is the PL intensity
recorded with electric field of the emitted photon parallel to the
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multiple QWs ? <.z
GaN/(Ga,AlN zaxis _
m-plane 90 T=8K a —_——
120 60 ¥
150 30
(1070)
180 00—
y-axis

e QWs
e Barriers (x1.5)
e D°X GaN (x2)

270

FIG. 3. Polar representation of the photoluminescence intensity for the
MQWs stack (outer plot), for the barrier layers (middle plot) and for the GaN
(inner plot). The orientation of the crystal is shown at the right hand top cor-
ner of the figure, to mark the orientations of the crystallographic axis
(@, @, C),with respect to the unity vectors of the Cartesian basis (¥, ¥, 2).
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direction ) for the quantum wells and barrier layers are similar,
38% for the quantum wells and 39% for the barrier layers. One
also anticipates here that the crystal field splitting (which is
known to change its sign from GaN to AIN) is still positive in
these barrier layers under anisotropic tension. This argument is
sustained by the high resolution of the photoluminescence spec-
tra in the E // ¥ polarization compared to the spectra corre-
sponding to photons collected with the E//Z polarization in
our sample. Both the quantum wells and strained barrier layers
are crystals with macroscopic C,, orthorhombic symmetry. For
the AlGaN barriers, it is the anisotropic strain (the degeneracy
between ¥ and  is lifted by strain) while for the multi-quantum
well systems (MQWs), it is the breaking of translational sym-
metry in the X" direction that reduces the symmetry. Following
the work of Ref. 27, the compatibility relations between the
two-fold representation of Cg, I's(¥, ) and the irreducible rep-
resentations of the abelian group C,, are taken here as:
[5(%,5) = I,(&) = [,(7)

The theory predicts a short range spin exchange-related
splitting between the I'; and the I, excitons either for the
quantum well or for the strained barrier layers. The inhomo-
geneous broadenings of the confined photoluminescence
bands prevent the clear observation of splitting between the
I, (allowed E//Z) and T, (allowed E//7¥) excitons in the
orthorhombic environments™ as in our sample, even though
the quantum confinement significantly enhances the short-

()

()

J. Appl. Phys. 115, 073510 (2014)

range spin exchange interaction. Thus, to interpret the polar-
ization signature of the photoluminescence intensity, we
need to refer to the valence band structure and therefore
work in the context of a band to band description of the
recombination mechanisms which neglect the short range
electron-hole spin exchange interaction but permits extrac-
tion of the physics of the light-matter interaction. The I'¢ and
I'; representations of the Cg, double group are all transform-
ing as F/S in C,, symmetry and one expects 3x3 matrix repre-
sentations of the valence band physics.

Following the tradition, we treat the quantum confinement
as a perturbation of the wirtzite crystal and we express the
wave function of the I'y valence band in terms of the standard

|/, my) notation |3, *3) = |1,i1>(1> —LJ%VW(I)

where x(7) and y(f') are two of the p-type Bloch states in a
spinless description and | and | represent the '/, and ~'/,
eigenstates of the spin operator. Concerning the I'; valence

bands we choose as wave function |1, Il)(T> =

|
W(I) and |1,0>(I> z(f’)(I) According to

Park and Chuang®® who performed in depth analysis of crystal
orientation effects in wurtzitic semiconductors, the 6x6 valence
band Hamiltonian is obtained as two similar 3x3 Hamiltonians
which we write as follows:

i 5 ”ooo,
A+ Ay +— (A2 + A4)kx — 7A5kx 0
2}’}’1() 2m0 . (1)
n n
— —A5k2 Al — Ay +— (Az + A4)k2 \/§A3
2m0 A 2)’}’10 *
”o,
0 V24, — A2
2my .

In this representation, A; depicts the matrix element which accounts for splitting of the p-type valence band states in a

wiirtzitic environment, the convention is to express the operator as A;L.%, where L, is the z-component of the spinless hole
angular momentum. The quantities A, and Aj are the matrix elements required to describe the anisotropic spin orbit interac-
tion. The quantities A,, A4, and As are the Luttinger parameters that are introduced in the k x P description of the dispersion
relation in the valence band of wiirtzitic semiconductors at I', m represents the electron mass at rest, and k, is the confined
hole wave vector which takes discrete values thanks to the breaking of the translational symmetry in the X direction by alter-

nating stacking of GaN and AlGaN layers [(1010) growth plane]. We re-arrange Eq. (1) in the x(7), y(7) and z(7) basis as:

0, O 4

2 2

7 7
Ay + —— (Ay + A + —Ask? iA —A;
2my 2my 2
> i
—iAy AL+ — (A + Ak> — —Ask> —ilA3
2mo * 2m0 *
: ”ooo,
—As iA; — Ak

2m0 *
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From the form of the Hamiltonian and consistent with
the expansions of the initial valence band basis in terms of
x(7), y(¥), and z(7) p-type Bloch states, the eigenvectors of
the problem can be written in the most generic way as:

a B b R

—X r)+— (1’)
Va* +b* 42 N/
¢ =

O —1 g
Va*+br+c?

with a # b # ¢, due the orthorhombic symmetry. Values of
Ay, Ay, and Aj are, respectively, 10.1 meV, 7.1 meV, and
5.5meV for GaN.? Values of A,, Ay, and As are —0.53,
—2.51, and —2.51, respectively.30

Plotted in Figure 4 is the dispersion of the eigenvalues in
case of an infinitely deep GaN well for k, values ranging
between 0 and 1 nm~'. We remark that starting from the I',
I'; and I'; ordering for k, =0, increasing k, produced a com-
plex behavior with anti-crossings for high values of &, to the
relative ordering of the valence bands: x, z, and y (spin com-
ponent is neglected since hole levels are all twice spin-degen-
erate). We remark that y and z states are nearly parallel to
each other for high values of k,. In terms of selection rules
for the band to band transition the symmetry of the electric
field of the photon may be I',” (E//Z), T, (E//¥) or T,
(E // X) in orthorhombic environment. Group theory indicates
that non-vanishing matrix elements for the band-to-band tran-
sitions transform as z* or y or x°. In our experimental condi-
tions, for photons collected with Poynting vectors parallel to
X (light emitted through the m-plane surface), transitions can
be recorded for ', (E//Z) and T, (E//¥) polarizations of
the photon. Thus, transition between the confined electron
state of the band and the x-type confined hole state should not
be allowed in our experimental configuration. Our calcula-
tions indicate that the first dipole allowed transition is z-type

lII(kx) =

3)

Energy ( meV)

-120

00 02 04 06 08 1.0
k, (nm™)

FIG. 4. Spectral dependence of the three valence band levels at k, # 0 and
ky = k. = 0. Note the initial anti-crossing of A and B levels at low values of
k. and the more pronounced one between B and C at higher values of k. For
high k, values levels A and B are quasi parallel and level C rapidly shifts a
part the both of them.
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FIG. 5. Triptych representation of the expansion of A (left), B (middle), and
C (right) levels against k,. At high values of k., the ground state valence
band (A) is dominantly built from |y) Bloch state and from about 15 per-
cents |Z) state. The second level (B) is dominantly built from |Z) Bloch state
and from about 15 percents |y) state. Note the quasi similar expansion of A
and B through |y) and |Z), respectively. Last for high values of k., it appears
the C is built of |¥) Bloch state only. These expansions impact the selection
rules for band to band transitions.

for high values of &, (thin wells) and y-type for low values of
k. (wide wells). The oscillator strengths are obtained as the
squared components of the coefficients of the eigenvectors
projected over Z and y, respectively.

The modifications of the oscillator strengths for z (7),
y (my), and x () polarization are plotted in Figure 5 for the
three band to band transitions between the first confined elec-
tron states and the three confined valence bands. The ampli-
tudes of the different transitions are obviously very different
from what is expected in case of samples grown along the
polar c-plane direction, but we remark that the lowest con-
fined levels originating from the I'y and the highest I'; va-
lence bands are both allowed in E//Z and E//¥
polarizations. This qualitatively agrees with the theoretical
prediction of Park.”!

IV. TEMPERATURE DEPENDENT
PHOTOLUMINESCENCE

Plotted in Figure 6 are photoluminescence spectra col-
lected in the 8K to 295K range for £//¥ and E// Z polar-
izations. A deconvolution procedure to fit the recombination
lines of the photoluminescence was realized using a
Gaussian function from the photoluminescence of the quan-
tum well and the barrier layers. However, because of their
overlapping nature and the similar behaviors of both polar-
izations, it is very difficult to discriminate between the con-
tributions of the quantum wells and the barrier layers in the
E//Z polarization. The photoluminescence intensities
remain constant in the low temperature range up to typically
40-50K and start to decrease with further increase in
temperature.

In Figure 7, we plot the changes of the photolumines-
cence energy in the 8K to 295K temperature range for
E//y and E//  polarizations. To a first extent, the lumines-
cence for the quantum wells and barrier layers show fairly
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FIG. 6. Plot of the photoluminescence spectra for the m-plane grown sample
for E// ¥ (bottom) and E// Z both polarizations (top).

similar behaviors in both polarizations, but the energy is
more stable in two cases for the quantum wells when the
temperature increases. The photoluminescence energy of the
quantum wells is found to be constant up to about 150 K, but
that of the barrier layers very slightly blue shifts up to tem-
peratures of about 50K, above which it collapses rapidly.
This is interpreted in terms of the thermal de-trapping of the
carriers from aluminum poor regions to aluminum-rich ones.
The fit to the data using model by Vifa et al.** (and Eq. (3)
of Ref. 33) E,(T) = E(0) — ﬁ indicated an average
phonon bath temperature (®p) of 335-340K for the barrier
layers, while 500K for the multiple quantum wells, for both
E//¥ and E// Z polarizations. In a sense there is no marked
influence of the polarization. At this stage, one would antici-
pate that the photoluminescence intensity in the MQWs is
influenced by and correlated to carrier de-trapping in the bar-
rier layers. This argument is supported by the high resolution
of the photoluminescence spectra for E //¥ polarization
compared to spectra corresponding to photons collected with
E /] Z polarization.

We now wish to calibrate the relative contributions of
radiative and non-radiative recombination processes in our
sample. The photoluminescence intensity is a quantity that
varies proportional with the ratio of non-radiative (T,p,rqq) to
radiative (t,44) decay times:

Tnonrad 1
T . A
( ) > Tnonrad t+ Trad o 1 4 Frad 4)

Tnonrad

The radiative recombination rate G(T), which is the
inverse of the radiative decay time is proportional to the

J. Appl. Phys. 115, 073510 (2014)

relative number of excitons with vector in the light cone (the
relative population of excitons with wave vectors smaller

34
than £).
E /i o
1 [ exp (_ 2M(k)kBT) d'k
G(T) = 5— " (5)
rad hk n
a JO exp( Mk )kgT)d k

where d"k is the elemental volume in the n-dimensional k
space. This dimension n=3 for a bulk material, n=2 for a
quantum well, n =1 for a quantum wire and » =0 for a zero
dimensional sample of a dot or impurity. Here, M(k) is a
direction-weighted excitonic translation mass, and the exci-
ton population has been taken to be Maxwellian to allow the
use of analytical expressions. Finally, in an n-dimensional
integration condition, the radiative decay time can be
expressed as:

Traa = T0T2. (6)

The non-radiative decay time is thermally activated and
can be written as:

E, T,
Tnonrad = T1 €XP k T = T1€Xp ? (7

with an activation energy (temperature) E, (T,). The larger
the E,, (T,), the higher the value of 7,,,,44, providing a better
photoluminescence robustness with increasing temperature.

Finally, the variation of the photoluminescence intensity
with temperature may be fitted by:

1
1+:—‘5T§ X exp(—%)

I(T) x (8)

In Figure 8, we present the behavior of the photolumines-
cence intensities for quantum wells and barrier layers in the
E//y and the E//Z polarizations. The photoluminescence

3.72

@%%% " Elly @%%% " Ellz
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> . .
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g = 7.71x10% eV K" Eg=3815eV
& =504 K 0, = 7.78x10* eV.K
| “e 0, =501K
1

3.52

0 100 200 300 0 100 200 300
Temperature ( K)

FIG. 7. Plot of the photoluminescence energies for the m-plane grown sam-
ple for E// ¥ (left-hand side) and E // 7 both polarizations (right-hand side).
Photoluminescence energies in the barrier layers and in the quantum wells
are both plotted and fitted using Vina’s equation.
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FIG. 8. Plot of the photoluminescence intensities for the m-plane grown
sample in case of E// ¥ polarization (bottom) and E // Z polarization (top).
The quantum wells related intensities are plotted using full dots while the
barrier related data is plotted using open dots. The experimental data are rep-
resented using full or open dots while the results of the fitting procedure are
reported using continuous lines. The parameters for the fit are indicated in
all cases as well as the fitting functions for QWs (bottom plot equation) and
the barriers (top plot equation), using W and B letters to represent the pa-
rameters of fits.

intensity of the barrier layers were fitted in the framework of
a three-dimensional model for propagation of excitons while
that for the quantum wells were fitted using a two-
dimensional model (this gave the best results and also probes
the existence of vertical transport the MQWs). The robustness
of both barrier and quantum well-related photoluminescence
are better in the E // ¥ polarization than in the E / / Z polariza-
tion as indicated by the values of the fitting parameters. The
smaller activation temperature for barrier layers than for
quantum wells governs the non-radiative recombination.
Note that ratios ™ are labeled W, for well layers and B, for
barrier layers to drstrngursh their dimensions. The Arrhenius
plot (logarithm of the photoluminescence intensity versus
T ') is a conventional representation and it is given in Figure
9 for the readers’ benefit. Inserted in the bottom part of
Figure 9, is the experimental and theoretical (line represent-
ing the differences of the fits of energies) values of energy
splitting between the barrier and the well contributions to the
photoluminescence.

V. TIME-RESOLVED PHOTOLUMINESCENCE
SPECTROSCOPY

In order to obtain the values of the radiative and non-
radiative decay times, we examined the temperature
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dependent photoluminescence decays. The relationship
between the photoluminescence decay time t, the non-
radiative (T,,nqq) and radiative (t,,4) decay times is:

LU, ©)

T Trad  Tnonrad

Figure 10 illustrates the recombination kinetics of the
photoluminescence of the quantum well up to 70 K where a
mono-exponential decay is noted.

To extract the radiative and non-radiative decay times
one further makes the assumption that non-radiative recom-
bination processes are slower than the radiative ones at low
temperature, and normalizes the photoluminescence intensity
to unity at low temperature. The radiative and non-radiative
decay times obtained as such are provided in Figure 11 to-
gether with the measured values of the decay time.

We remark that as the temperature reaches 80K the
decay times saturate in the 50 ps range for the quantum wells
in both polarization conditions, while they are more robust
for the barrier layers for which the "saturation temperature”
is around 150 K. From the evolution of photoluminescence
intensity with temperature, we can extract radiative and non-
radiative contributions. For the barrier layers, the radiative
part increases non-linearly with the temperature and is fitted
with 7oT3/? Where 70y = 1.6 x 107! ps.K=*/2 for E//¥ and
70, = 9.8 x 10 2ps.K /2 for E//Z. The corresponding
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FIG. 9. Arrhenius plots of the photoluminescence intensities for the m-plane
grown sample in case of both polarizations: E// 7 (bottom) and E// Z (top)
polarizations. The experimental data are represented with full or open dots
while the results of the fitting procedure are reported using continuous lines.
The parameters for the fit are given in figure 8. Inserted in the bottom part
plot, is the experimental (full dots) and theoretical (line representing the dif-
ferences of the fits of energies using Vina’s model) values of energy splitting
between the barrier and the well contributions to the photoluminescence.
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FIG. 10. Typical decays of the photoluminescence of the quantum wells
measured for temperature ranging from 8 K up to 70 K.

activation temperatures (7,) are 64 K and 42 K, respectively,
providing 71, = 36 ps and 7, = 38 ps.

Regarding quantum wells, a constant value of decay
time up to 50-60K is indicative of localization of the exci-
tons, in agreement with intensity versus temperature data.
The excitons become mobile in the quantum well planes and
the expected linear dependence with temperature is deduced
from the experiments. Values of 79, = 4.7 ps.K‘l and 1o, =
3.1 ps.K~! are proposed here as relevant values.

Regarding the non-radiative components, activation
temperatures of T, = 134K for £//¥ and T, = 100K for
E// Z were obtained, which are in agreement with tempera-
ture dependence of photoluminescence intensities, giving

800 r .
QWs o Barriers
600- 17 nonrad T
nonrad rad
400f o [Eny] ]
. 4.7 ps.K' 1.6x10" ps.K*?
@ 200-°:PL 2 @ e ‘ft°oog 99 :
o o
< 9009?000900 Lo Q?OO
_g 800 multiple QWs GaN/(Ga,Al)N m-plane
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o o T
200f Ty i [o0oe83 o rad
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0 80 160 0 80 160

Temperature ( K)

FIG. 11. Recombination decay times (green dots) with non-radiative (bleu
dots) and radiative (wine dots) components for the m-plane grown sample in
case of £//§ (top) and E//Z (bottom) polarizations. The quantum wells
data are represented using full dots (left-hand side) and the barriers layers
with open dots (right-hand side). The solid lines represent the fit of radiative
times data.
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71y = 20ps and 7y, = 32 ps. We remark that T, of the quan-
tum wells is higher than that of the barriers layers. We also
emphasize that, based on the relative temporal behavior, the
recombination dynamics in the quantum wells are ruled by
non-radiative recombination at high temperatures and that its
decay is ruled by carrier feeding from the barrier layers.

The radiative decay time for quantum wells grown on
m-plane substrates can be written in the frame work of one
valence band as:*”

2%k 1 1 )2
Trad(T) ~ hCULTaB3 < + ) T7

Moy + Mypy Moz + My wslehz
(10)

where kg is the Boltzmann constant, ¢ is the velocity of light,
ap is the bulk Bohr radius, w is the light angular frequency,
A is the in-plane exciton Bohr radius in the quantum well and
orr is the angular frequency of the longitudinal splitting of
the exciton. The radiative decay quantity is directly obtained
from a line shape fitting of the photoluminescence of the
reflectivity of GaN. The quantity m,; 4+ my,; is the translation
exciton mass in the i direction and /., is the overlap of elec-
tron and hole envelope functions. This equation also holds
for c-plane quantum wells, in which case m,, + my, is
replaced with m,, + my,. Note that the Quantum Confined
Stark Effect is responsible for the strong variations of 7,44
with well-width through quantities 4, @ and /,;,. We empha-
size that, in a given growth orientation, quantity ﬁ in
Eq. (10) contains all the needed information to determinate
the polarization dependence and well-width dependence of
the slope of 1,,, against temperature.

In regard to different orientations, we have previously
obtained 79 = 20ps.K~! and 7o = 8ps.K~! for c-plane®®
and (1122)-oriented GaN/AlysGapsN quantum wells,>”
respectively, and 79 = 20 ps.K~! for homopitaxial m-plane
Zn0/ZnMgO quantum wells.*® He we report 4.7 ps.K ! for
the E// ¥ polarization and 3.1 ps.K~" for the E// Z polariza-
tion. We believe that these values are in concert with other
experimentally measured values (for instance, see Cofdir
1.*®) and are compatible with the predictions of the sim-
ple theory and deserve further studies. Obviously, the slope
is a little bit smaller than the expected value probably
because of the competition between the localized and delo-
calized excitons through the whole temperature range of this
experiment.

VI. CONCLUSIONS

In conclusions, we have reported experimental anisot-
ropy of the in plane optical response for GaN/AlGaN quan-
tum wells grown on m-plane GaN substrate. We do not
observe the signature of staking faults on basal plane typical
of non-polar GaN epilayers grown on lattice mismatched
substrates (No PL line at 3.42 eV). The excitonic recombina-
tion is dominantly radiative up to 80K in our moderately
shallow quantum wells. At high temperatures it is dominated
by non-radiative recombination channels and the thermally
induced de-trapping of the carriers photo-created in the
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barrier layers influences the recombination dynamics and the
robustness of the photoluminescence.
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