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S shape in polar GaInN/GaN quantum wells: Piezoelectric-field-induced blue shift driven by
onset of nonradiative recombination
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In this paper, we critically review the usual explanation of the blue shift in the temperature dependence of the
light emission, which is commonly observed for polar GaInN/GaN quantum wells at intermediate temperatures.
We demonstrate that this blue shift is not necessarily caused by a thermally induced change of occupation
in an inhomogeneously broadened density of states. Instead, different energy dependencies of radiative and
nonradiative lifetimes may lead to an energy dependence of the internal quantum efficiency strongly influencing
the peak position of the luminescence: the piezoelectric fields within the quantum well induce an approximately
exponential relationship between the electron-hole overlap matrix element for the radiative transition between the
lowest quantized states and the respective transition energy. Via time-resolved photoluminescence spectroscopy,
we observe a corresponding exponential energy dependence of radiative lifetimes at low temperatures and almost
energy independent nonradiative lifetimes toward room temperature throughout the emission of polar single
quantum wells. An analytical model is demonstrated, predicting a significant blue shift of several 10 meV for
polar and a negligible shift for nonpolar GaInN/GaN quantum wells at the transition from high to low internal
quantum efficiency due to the energy-dependent competition between radiative and nonradiative recombination
processes. This model consistently explains the lack of a blue shift in nonpolar quantum wells grown on m-plane
bulk GaN as well as a reduced characteristic temperature for the onset of the blue shift after artificial defect

generation via argon ion implantation.
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I. INTRODUCTION

GalnN quantum wells embody an enormous field of
research due to the high potential for application in op-
toelectronic devices. Although this field has been widely
investigated over the recent decades, several fundamental
questions are not fully understood. One open question is
related to the importance of carrier localization being caused
by potential fluctuations within the quantum well plane due
to fluctuations of the atomic composition and the well width.
This has a significant impact on the optical properties [1-6].
As a consequence, the concepts of carrier localization in a
disordered system and transport between localization sites
[7,8] are often applied to GalnN quantum wells [9-12].
Specifically, the potential fluctuations are evident by a strong
inhomogeneous broadening of several 10 meV to more than
100 meV, which is typically observed in luminescence spectra
of GalnN/GaN quantum wells [13,14]. Additionally, an “S”-
like shaped red-/blue-/redshift in the temperature dependence
of the peak emission energy is linked to potential fluctuations
and carrier localization as well [15,16].

According to the usual explanation, the blue shift in the
intermediate part of this S-shape is caused by a Boltzmann-like
occupation of states, leading to an increased population of
higher energy states (within an ensemble of states) with
increasing temperature [15,17,18]. An evaluation of this
blue shift is frequently used to determine a characteristic
thermal activation energy for a lateral carrier transport, as the
higher energy states are interpreted as “mobile” [15,19-21].

“torsten.langer @tu-bs.de

1098-0121/2014/90(20)/205302(9)

205302-1

PACS number(s): 78.66.Fd, 78.67.De, 72.20.Jv

A fundamental problem arises, as a Boltzmann-distributed
occupation of localized states according to the lattice tem-
perature can only be established, if spatial transport processes
of carriers between localized states are fast compared to the
carrier lifetimes. This means that carrier diffusion lengths need
to be large, which is in contradiction to the assumption of
localized carriers. Via numerical carrier hopping models, it
has been shown that the competition between carrier transport
and recombination processes may explain both the low-
temperature redshift as well as the blue shift at intermediate
temperatures [22]. However, a detailed understanding of
experimental data using hopping models is rather difficult,
as reasonable values for model parameters like the attempts-
to-hop frequency—a crucial parameter when comparing the
hopping and recombination probabilities—are hard to predict
a priori.

Detailed investigations on the temperature dependence of
GalnN/GaN quantum well photoluminescence tend to show
that the thermally induced blue shift is accompanied by
a drop of emission intensity within the same temperature
regime [10,16,23]. Common explanations of this coincidence
claim that both the blue shift and the onset of nonradiative
recombination are symptoms of a thermally activated carrier
redistribution from low-energy “localized” states (carriers
are unable to reach the nonradiative centers) to high energy
“mobile” states (carriers are able to reach the nonradiative
centers) [10,24].

In this paper, we demonstrate that both the blue shift and
the concomitant drop of intensity in polar GalnN quantum
wells can be understood within a completely different pic-
ture: we propose an energy-dependent competition between
radiative and nonradiative recombination processes being
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driven by an energy dependence of radiative lifetimes caused
by piezoelectric fields. An onset of energy independent
nonradiative recombination processes may shift the emission
spectra toward higher energies at intermediate temperatures.
Thus the commonly observed thermally induced blue shift
in polar GaInN/GaN quantum wells can be understood even
without regard to a thermally induced redistribution of carriers.
Such a mechanism is neglected in the discussion of the S shape
up to now. Furthermore, we demonstrate key experiments in
order to identify the dominant contribution to the blue shift.

II. EXPERIMENTAL DETAILS

We investigate the photoluminescence properties of c-
and m-plane GalnN/GaN quantum well structures grown via
metal-organic vapor phase epitaxy (Aixtron AIX200RF). The
c-plane samples were grown on sapphire substrates, consisting
of a 2-pm silicon-doped GaN buffer, an optically active region
and an unintentionally doped GaN capping layer. The optically
active region consists of unintentionally doped GalnN quan-
tum wells and GaN barriers, either as single quantum well
(SQW) or fivefold multiple quantum well structures (MQW).
Threading dislocations are intentionally decorated by V pits
in order to reduce the nonradiative recombination probability
[25]. Two nonpolar fivefold GalnN/GaN MQW with different
indium content were grown on m-plane bulk GaN substrates
with low basal plane stacking fault density. The width of the
quantum wells are kept below 3 nm for all samples under
investigation.

Argon ion implantation has been performed at room temper-
ature using a Varian Extrion 200 DF4 (150-keV acceleration
voltage, implantation current density <100 nA/cm?, incident
angle: 7° with respect to the surface normal to avoid channeling
of ions). A nominal thickness of the GaN cap layer of 50 nm has
been chosen to match the depth of the quantum well beneath the
sample surface with the depth of maximum irradiation induced
point defect densities [26]. The implantation doses are kept far
below the amorphization threshold by at least three orders of
magnitude [27].

The quantum well luminescence was measured via tem-
perature dependent time-resolved photoluminescence spec-
troscopy using time-correlated single photon counting (Pi-
coQuant PicoHarp 300). A helium bath cryostat and a
temperature controlled sample holder was used to vary the
sample temperature between 5 and 325 K. The quantum
wells were selectively excited (380-nm wavelength, 5-ps
pulse length, 5-10 nJ/cm? incident energy density per pulse,
4-MHz repetition rate) by the second harmonic of a mode-
locked and cavity-dumped dye laser beam (dye: Radiant Dyes
Pyridine 2). The dye is optically pumped by the second
harmonic of a synchronously mode-locked Nd:YAG laser
beam (Spectra-Physics, Model 3800). Using a Jobin Yvon
Spex 1680 subtractive double-grating monochromator and a
microchannel plate photomultiplier (Hamamatsu R3809U-02,
25-ps time resolution), the emitted light is detected.

Decay time constants have been determined by an ex-
ponential fit of the initial part of the intensity decay, in
which the intensity drops from maximum intensity to 1/./e
(approximately 60%) of the maximum intensity, as shown in
Fig. 1. On the one hand, this allows a comparable handling
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FIG. 1. (Color online) Intensity decay after pulsed excitation at
different luminescence detection wavelengths for a c-plane SQW
(InN mole fraction: nominally 20%, well width: nominally 2.3
nm) and a m-plane MQW (InN mole fraction: ~14%, well width:
~1.6 nm). Exponential fits of the initial part of the decay are shown
in cyan and brown. The decay of the total quantum well emission is
shown in gray (vertically shifted for clarity). The insets show the time
integrated luminescence at 10 K. Vertical lines indicate the spectral
positions of the intensity decays as a definition of the color code.

of the nonexponential behavior, which is commonly observed
in GalnN quantum wells. As the laser pulse length is much
shorter than carrier lifetimes, the initial excess carrier densities
is almost temperature-independent. Thus the time constants
taken from the initial decay are related to comparable values
of the total excess carrier densities on the other hand.
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Peak emission energies have been determined by fitting a
Gaussian function that is accompanied by three LO phonon
replicas at the low-energy side (LO phonon energy assumed
as 92 meV [28]) to the photoluminescence spectra. Structural
properties of MQWSs were investigated via high-resolution x-
ray diffractometry, allowing an estimation of the quantum well
widths L, and InN mole fraction xy, [29,30].

For the growth of nonpolar samples, we preferred MQW
rather than SQW structures, as this allows for a structural
characterization of the quantum wells via x-ray diffraction.
However, in the polar case, the usage of MQW rather than
SQW is not beneficial for the optical characterization: due to
the piezoeletric fields within the quantum wells, the ground
states of electrons and holes are separately localized to the
outermost wells of MQW structures. While electron-hole
pairs are generated in each quantum well via selective optical
pumping, recombination processes within the wells will likely
compete with redistribution processes of carriers between the
quantum wells.

III. TEMPERATURE DEPENDENCE OF PEAK EMISSION
ENERGIES IN POLAR AND NONPOLAR QUANTUM
WELLS

Figure 2 illustrates the S-shaped temperature dependence
of the peak emission energy typically observed for polar
GalnN/GaN quantum well structures [16]. While the redshift
at higher temperatures is likely attributed to the temperature
dependence of the fundamental band gap [31,32], the behavior
at lower temperatures is commonly explained as a consequence
of inhomogeneously broadened densities of states. The low-
temperature redshift can be understood in terms of a redistri-
bution of carriers being driven by a thermally activated carrier
transport toward states of lower potential [17]. The subsequent
blue shift at intermediate temperatures is often related to a
Boltzmann occupation of localized states [15,17], assuming

c-plane GaInN/GaN MQW b
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FIG. 2. (Color online) Peak emission energy of a c-plane
GalnN/GaN multiple quantum well structure (approximately 20%
InN mole fraction and 2.3 nm well width) at different sample
temperatures after pulsed excitation, taken from time-integrated
spectra: a typical S-shaped behavior is observed. Dashed line serves
as a guide to the eyes indicating the temperature dependent shift of
the fundamental band gap (quantum confined Stark shift included).
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FIG. 3. Temperature dependence of the peak emission energy
of m-plane GaInN/GaN multiple quantum well structures grown on
m-plane GaN substrates. No blue shift with increasing temperatures
is observed.

a rapid redistribution of carriers between laterally separated
localized states of different transition energies. This common
explanation implies that an S-shaped temperature dependence
of peak positions is expected, whenever the density of states
is subject to an inhomogeneous broadening.

Keeping this in mind, it is rather surprising that we observe
a fundamentally different temperature dependence of the peak
emission for nonpolar quantum wells as demonstrated in Fig. 3.
Although there is a significant inhomogeneous broadening
(low temperature full width at half maximum of 170 meV
for the less indium containing sample and 190 meV for the
other), the peak emission energy monotonically decreases up
to room temperature. For the less indium containing sample,
the temperature dependence of the peak emission energy is
slightly convex above 150 K. This indicates that the redshift
cannot be solely attributed to the temperature dependence
of the bulk band gap, which is expected to be a concave
function [31,32]. It is possible that the convex behavior is a
consequence of a thermal redistribution of carriers from higher
to lower energy states—similar to the low temperature redshift
in polar wells—which may give an additional contribution
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FIG. 4. Temperature dependence of radiative lifetimes of m-plane
GalnN/GaN multiple quantum well structures grown on m-plane GaN
substrates. A linear increase above 150 K indicates a two-dimensional
free-carrier behavior.

to the observed redshift. When this additional contribution
is reduced at higher temperatures (e.g., due to a completed
thermal redistribution from higher to lower energy states), a
convex behavior would not be unexpected. Yet, compared to
polar quantum wells, a similar thermally induced blue shift of
the emission is not found up to room temperature for nonpolar
quantum wells.

One might argue that carriers may be strongly localized
even at room temperature preventing an exchange of car-
riers between localized states [33]. However, the radiative
lifetimes determined via time-resolved photoluminescence
spectroscopy (see Fig. 4, method explained in Ref. [34])
does not support this argument. A linear increase of radiative
lifetimes as a function of temperature above 150 K indicates
that two-dimensional free carriers dominate the radiative
recombination at room temperature here [35,36]. For the less
indium containing wells an onset of a superlinear increase oc-
curs which is likely related to a beginning thermal dissociation
of free excitons [37]. Obviously, the lack of a blue shift is not
caused by localization of carriers up to room temperature. This
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significant difference compared to polar quantum wells sug-
gests that the S shape is predominantly affected by the internal
polarization fields rather than a result of Boltzmann statistics.

IV. ENERGY DEPENDENCE OF CARRIER LIFETIMES
AND LUMINESCENCE DECAY TIMES

It is well known that pseudomorphically grown polar
GalnN/GaN quantum wells are subject to strong piezoelectric
fields, causing a redshift of the emission line compared to
the field-free well according to the quantum confined Stark
effect (QCSE) [38]. This goes along with a severe reduction of
the matrix element of the radiative transition, as the electron
and hole wave functions are separated toward the opposite
sides of the quantum well [39,40]. As structural parameters
(quantum well width L, and indium nitride mole fraction
Xxmm) are subject to fluctuations, electronic parameters like the
band-gap energy, the energy position of quantum confined
states and the overlap matrix element will exhibit lateral
fluctuations as well. This ends up in a spatially correlated
fluctuation of the transition energy and the radiative transition
probability [41]: with increasing L., the transition energy is
reduced almost linearly on the one hand, whereas the overlap
matrix element is reduced slightly stronger than exponentially
on the other hand, both as a consequence of the piezoelectric
field [39]. The influence of an increase of xy, on the transition
energy and the overlap matrix element due to changes in the
band gap and piezoelectric fields is similar to the influence of
L., even though the impact on the overlap matrix element
is much weaker [41]. Consequently, as different positions
within the quantum well plane may differ in xy, and L_, the
inhomogeneously broadened quantum well emission spectrum
is expected to be governed by an almost exponential energy
dependence of the radiative lifetime.

Indeed, a corresponding exponential energy dependence of
luminescence decay times after pulsed excitation is observed
for polar quantum wells at low temperatures, as shown in
Fig. 5. Such an energy dependence is neither expected nor
observed for nonpolar (m-plane) quantum well structures;
as the field component perpendicular to the quantum well
plane vanishes, the overlap matrix element is hardly affected
by fluctuations of L, or xp,. Instead, the overlap remains
high giving rise to short radiative lifetimes compared to the
polar case. As thermally activated nonradiative processes are
unlikely at low temperatures, this may explain the lower
absolute values of the time constants shown in Fig. 5.

It should be mentioned that an exponential energy depen-
dence of decay times is commonly attributed to a redistribution
of carriers from higher to lower energy states instead, neglect-
ing an energy dependence of carrier lifetimes [42]. Following
this argument, the slope of the exponential asymptote only
depends on the inhomogeneous broadening of the electron
and hole density of states, whereas the carrier lifetime acts
as a scaling factor [42]. Thus it cannot explain the observed
fundamental difference in the slopes shown in Fig. 5, as the
inhomogeneous broadening of the spectra is not very different.

However, a thermally activated contribution of a redis-
tribution from higher to lower energies is evident from
temperature dependent time-resolved photoluminescence. For
a polar GaInN/GaN quantum well, the energy dependence of
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FIG. 5. (Color online) Low-temperature luminescence decay
times measured at different spectral positions for a polar and a
nonpolar (m-plane) quantum well structure. While the polar structure
exhibits an almost exponential energy dependence, decay times
are almost constant throughout the whole quantum well emission
spectrum in the nonpolar case. The low-temperature time-integrated
photoluminescence spectra are shown in blue.
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FIG. 6. (Color online) Energy dependence of luminescence de-
cay times of a polar single quantum well structure at different sample
temperatures.

decay times at different sample temperatures is shown in Fig. 6.
Up to 105 K, the steepness of the slope in a logarithmic plot
increases; the shortening of decay times at higher energies
and their increase at lower energies can be well understood by
a thermal redistribution of carriers toward deeper potentials,
accompanied by a redshift of the time integrated emission
[17]. This is consistent with recent reports on other polar
GalnN/GaN quantum wells [24]. Toward higher temperatures,
the steepness of the decay times is quenched, going along with
a blue shift of the emission and an over-all reduction of decay
times. Such a reduction is consistent with a thermal activation
of nonradiative recombination processes [43—47], reducing
the effective carrier lifetimes. This observation leads to a
crucial question, whether the reduced steepness is caused by
either energy independent nonradiative recombination times or
sufficiently quick thermal occupation of higher potential states.
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V. BLUE SHIFT DUE TO ENERGY DEPENDENCE
OF CARRIER LIFETIMES

The total temperature dependence of the decay time
spectra illustrates that the recombination is subject to a
rather complicated interplay between an energy dependence of
recombination times and thermally activated transport mech-
anisms. This interplay likely governs the emission properties
and their temperature dependence. The common explanations
of the S shape merely consider the impact of a redistribution
of carriers and Boltzmann-occupation of states, neglecting
the contribution of energy dependent carrier lifetimes. Thus
the underlying assumptions represent an extreme scenario.
In the following, the impact of the opposite scenario on
the temperature dependence of the emission is discussed;
we will neglect the contribution of carrier redistribution and
Boltzmann-occupation for the moment, focusing on different
energy dependencies of radiative and nonradiative lifetimes.
Afterwards, it will be discussed, which one of these extreme
scenarios is likely more appropriate to explain the blue shift
within the S shape in polar GalInN/GaN quantum wells.

A. Analytical model

Due to the high exciton binding energy in II-nitride
quantum wells, we may assume that radiative recombina-
tion of bound electron-hole-pairs (excitons) dominates the
luminescence—especially at those low temperatures, where
the blue shift within the S shape typically occurs [48,49].
In a two-dimensional system, their density of states can be
expressed via steplike functions, similar to the single particle
density of states. As only excitons with negligible center
of mass wave vector can recombine radiatively (momentum
of a photon <« width of Brillouin zone), the linewidth of
the luminescence is expected to be sharp. Those states that
can contribute to the luminescence thus can be described
by a sharp (“§-function-like”) density of states D(E) at an
energy Eo, which is given by the energy difference between
the deepest confined free electron quantum well state and
the deepest confined free hole quantum well state minus the
exciton binding energy. The contribution of higher quantized
states (both quantum well states and exciton states) shall be
neglected in the following.

Let us assume Gaussian fluctuations or variations of the
indium composition and the quantum well width around
their average values. This gives rise to an inhomogeneous
broadening of the density of states given by a convolution of the
nonbroadened density of states with a Gaussian function. The
total density of exciton states will then be error-function-like.
The aforementioned §-function-like states that can contribute
to luminescence changes into a Gaussian function

(E — Eo)z}

D(E) o exp [ — 757

with a broadening parameter o.

Furthermore, let us assume that the generation of excess
carriers is evenly distributed within this density of states: the
states cannot be distinguished by their respective carrier gen-
eration probability and the carrier generation is temperature-
independent. This assumption is in stark contrast to the
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assumption of a Boltzmann-distribution of carriers, where
higher potential states are less likely occupied compared to
lower potential states and a significant temperature dependence
is included.

The intraband relaxation times shall be fast compared to
the carrier lifetimes, leading to an almost instant occupation
of states close to the I' point following an excess carrier
generation at higher k values (energy of absorbed laser photon
is larger than the energy of the emitted photon). As the
intraband relaxation times are in the subpicosecond range
[50,51], this assumption is fairly reasonable. Thus one may
assume that the generation rate G(E) has the same spectral
shape like D(E).

As a key characteristic of this extreme scenario, we neglect
aredistribution of carriers within D(E). Furthermore, changes
in D(E) (e.g., due to screening of piezoelectric fields) are
not considered according to low excitation conditions in the
experiments.

The aforementioned exponential energy dependence of the
radiative lifetimes can be written as

T(E) = 1o exp[—s:(E — Ep)],

where 19 is the radiative lifetime for £ = Ej. s, is a parameter
describing the steepness of the slope in a logarithmic plot. Let
us furthermore assume that the nonradiative lifetimes

an(E) = Tnr

are energy independent.

The different energy dependence of radiative and nonradia-
tive lifetimes gives rise to a varying internal quantum efficiency
n(E) throughout the emission spectrum, given by the fraction
of the radiative R, and total rates R, + Ry;:

R.(E)
Ru(E) + R(E)
_ Tnr(E)
Tar(E) + T(E)
1
1+ 2 exp[—s:(E — Eo)l’

n(E) =

This suggests that an onset of nonradiative recombination
severely affects the low energy part of the spectrum, where
the radiative lifetimes are longest. Here, the nonradiative re-
combination may easily dominate over the radiative processes,
whereas the high-energy contributions still remain highly
efficient.

n(E) is plotted in Fig. 7, demonstrating the transition
between the high efficiency limit with n(E) =1 and the
low-efficiency limit characterized by an exponential energy
dependence of 1. In the high-efficiency limit, the peak emission
energy coincides with the maximum position of G(E) (i.e.,
Ey) as a consequence of the equilibrium between the carrier
generation rate G(E) and the total recombination rate R(E) =
R.(E).

For continuous wave excitation, the emitted spectrum
I(E)is given by I(E) o R.(E) = n(E)G(E). An onset of an
additional nonradiative recombination channel will displace
the emitted spectrum with respect to G(E) along the energy
axis. The maximum displacement is reached in the low
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and luminescence intensities (bottom) according to an exponential
energy dependence of radiative lifetimes and energy independent
nonradiative lifetimes for different values of 7, /79. The gray line
indicates the emission spectrum for purely radiative recombination.

efficiency limit; here, the intensity spectrum can be described
via

(E — Eo)
I(E) x exp[s/(E — Ep)] exp [ - T}
= eXx (1s202> ex { _ [E — (Eo + Sro’z)]z }
BN P 202

using a completion of the square. Thus a blue shift of the
spectrum by a total amount of

AE = sr02

is expected in the low efficiency limit compared to the high
efficiency limit. Hence AE depends on the energy dependence
of the radiative lifetimes and the inhomogeneous broadening
of the density of states. This blue shift subsequently occurs
at the transition between these two limits, as depicted by the
arrow in Fig. 7.

A quantitative estimation of A E requires a determination of
sy and o. Low-temperature photoluminescence spectroscopy
at low excitation allows an experimental estimation, as carrier
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transport processes are likely not thermally activated: o
influences the width of the spectra, whereas s, contributes
to the steepness of the decay time spectra (see, e.g., Fig. 5).
As an example, the c-plane single quantum well shown in
Figs. 5 and 6 exhibits s, &~ 8 eV~! and o ~ 50 meV at low
temperatures. Thus a corresponding blue shift by an amount
of AE ~ 20 meV would be expected. The time-integrated
spectra exhibit a blue shift of 26 meV between 120 and 300 K
(see Fig. 6)—only slightly larger than the model prediction.
The deviations would be somewhat higher, if the thermally
induced band gap shrinkage is taken into account. In case
of nonpolar structures, the lack of polarization fields perpen-
dicular to the quantum well strongly reduces the variations
of the overlap matrix element, leading to negligible values
of s;. Consequently, negligible values of AE are expected
for nonpolar wells in spite of a significant inhomogeneous
broadening, being consistent with the observation in Fig. 3.

It should be noted that in case of continuous wave
excitation, this blue shift of the quantum well emission
line is accompanied by a shift in the occupation of the
density of states even in this proposed model. However, this
shift is not related to a thermally activated carrier transport
or Boltzmann-statistics. Instead, it is a consequence of the
thermally induced change of the energy dependence of carrier
lifetimes (E,T): assuming a dynamic equilibrium between
generation and recombination within any energy interval, the
density of carriers with an energy between E and E + dE at
a temperature T can be described via

n(E, T)YdE = t(E,T)G(E)dE
T (E, T)t(E,T)

= G(E)dE
ow(E,T) 4+ t(E.T)

then. This may induce a temperature dependent spectral
displacement of the maximum positions of n(E,T) and G(E)
relative to each other.

For pulsed excitation (laser pulse shorter than carrier
lifetime), a similar behavior is expected for the emission
spectra determined via an integration of the intensity decay
over the time; here, the spectral distribution of the initially
generated excess carrier density dn(E) is given by G(E)
during the excitation pulse multiplied by the pulse length—
independent from the carrier lifetimes. The energy dependence
of the time-integrated intensity is then given by n(E) x én(E),
leading to the same result as for continuous wave excitation.

B. Modification of S shape via argon ion implantation

The proposed model suggests that the blue shift in the
S shape of polar GaInN/GaN quantum well structures is driven
by an onset of nonradiative recombination rather than by
a temperature dependent occupation of states. According to
this hypothesis, a significant manipulation of the S-shaped
behavior should be possible by altering the radiative or the
nonradiative recombination probabilities.

As a key experiment, the density of nonradiative recombi-
nation centers has been varied by a generation of argon ion
implantation induced defects. With increasing implantation
dose, a tremendous reduction of internal quantum efficiencies
due to a severe shortening of nonradiative lifetimes has been
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FIG. 8. (Color online) Temperature dependence of the peak
emission energy of time-integrated photoluminescence spectra
(pulsed excitation) before and after argon ion implantation at various
doses. The shift toward higher energies sets in at lower temperatures
with increasing density of nonradiative centers related to implantation
induced defects. Indium compositions and quantum well thicknesses
(values in brackets) are nominal values. In the upper figure, the two
symbols for the unimplanted reference belong to different positions
of the exitation spot at the sample. This comparison allows as an
estimation of reproducibility. The implantation induced changes are
significantly larger than this.

observed [26]. Figure 8 shows the temperature dependence
of the peak emission energies at various implantation doses
for two polar single quantum well structures with different
well widths. In both cases, the onset of the blue shift occurs at
reduced temperatures with increasing dose. In principle, this is
in agreement with a transition between radiatively dominated
and nonradiatively dominated recombination occurring at
reduced temperatures after implantation. A direct comparison
of intensities and blue shift as a function of temperature
is rather difficult, since different nonradiative recombination
channels with distinct energy dependencies may be generated
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during ion implantation. Yet, those implantation induced
nonradiative recombination centers may differ from those
being generated during the sample growth. For as-grown
polar GalnN/GaN quantum wells, a coincidence of the blue
shift and a drop of the intensities passing below 50% of the
low-temperature values at similar temperatures is commonly
observed [16,23].

According to the model of Eliseev et al. [15], this obser-
vation would be rather unexpected: The observed change in
the onset of blue shift would imply a significant reduction
of the inhomogeneous broadening after ion irradiation. A
corresponding decrease of emission linewidths is not observed.
Indeed, a slight blue shift at the lowest temperatures with
increasing implantation dose indicate a structural change of the
quantum well. Possibly, this could be the result of a material
transport due to the collision cascade during implantation
leading to a reduced indium content within the well. However,
it is rather unlikely that the ion irradiation is beneficial for the
lateral homogeneity of the quantum well.

VI. SUMMARY

We observe fundamentally different behaviors in the tem-
perature dependence of the peak emission energy in polar and
nonpolar GalnN/GaN quantum well structures; an S-shaped
shift of the spectra—commonly observed for polar wells—is
hardly observed for nonpolar wells on bulk GaN substrates.
This indicates that the S shape is influenced by the internal
piezoelectric field. Furthermore, we demonstrate a reduction
of the characteristic temperature for the onset of this blue shift
via argon implantation induced nonradiative recombination
centers.

For polar wells, we propose an almost exponential energy
dependence of radiative lifetimes caused by strongly correlated
fluctuations of the transition energies and transition matrix
elements due to lateral fluctuations of well width and indium
composition. A thermal activation of nonradiative recombi-
nation processes likely causes a shift of the spectrum toward
higher energy, if the energy dependence of the nonradiative
lifetimes is weaker than of the radiative lifetimes. According
to this explanation, being consistent with the experimental
observations, the blue shift of the luminescence is not caused
by a thermally induced change in the occupation of states,
but a consequence of the competition between radiative and
nonradiative recombination. Consequently, an estimation of
carrier localization energies out of the S-shaped temperature
dependence of peak emission energies is rather questionable.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support
by the Deutsche Forschungsgemeinschaft (DFG) in the frame
of the Research Group FOR957 “Polarization Field Control in
Nitride Light Emitters.”

[1] S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, Appl. Phys.
Lett. 69, 4188 (1996).

[2] Y. Narukawa, Y. Kawakami, M. Funato, S. Fujita, S. Fujita, and
S. Nakamura, Appl. Phys. Lett. 70, 981 (1997).

205302-8


http://dx.doi.org/10.1063/1.116981
http://dx.doi.org/10.1063/1.116981
http://dx.doi.org/10.1063/1.116981
http://dx.doi.org/10.1063/1.116981
http://dx.doi.org/10.1063/1.118455
http://dx.doi.org/10.1063/1.118455
http://dx.doi.org/10.1063/1.118455
http://dx.doi.org/10.1063/1.118455

S SHAPE IN POLAR GalnN/GaN QUANTUM WELLS: ...

[3] S. E. Chichibu, A. C. Abare, M. S. Minsky, S. Keller, S. B.
Fleischer, J. E. Bowers, E. Hu, U. K. Mishra, L. A. Coldren, S.
P. DenBaars, and T. Sota, Appl. Phys. Lett. 73, 2006 (1998).

[4] K. P. O’Donnell, R. W. Martin, and P. G. Middleton, Phys. Rev.
Lett. 82, 237 (1999).

[5] Y. Kawakami, Y. Narukawa, K. Omae, Sg. Fujita, and S.
Nakamura, Phys. Status Solidi A 178, 331 (2000).

[6] A. Morel, P. Lefebvre, S. Kalliakos, T. Taliercio, T. Bretagnon,
and B. Gil, Phys. Rev. B 68, 045331 (2003).

[7]1 N. Mott, Adv. Phys. 16, 49 (1967).

[8] E. Cohen and M. D. Sturge, Phys. Rev. B 25, 3828
(1982).

[9] E. S. Jeon, V. Kozlov, Y. K. Song, A. Vertikov, M. Kuball, A. V.
Nurmikko, H. Liu, C. Chen, R. S. Kern, C. P. Kuo, and M. G.
Craford, Appl. Phys. Lett. 69, 4194 (1996).

[10] T. J. Schmidt, Y. H. Cho, G. H. Gainer, J. J. Song, S. Keller, U.
K. Mishra, and S. P. DenBaars, Appl. Phys. Lett. 73, 560 (1998).

[11] S. F. Chichibu, H. Marchand, M. S. Minsky, S. Keller, P. T.
Fini, J. P. Ibbetson, S. B. Fleischer, J. S. Speck, J. E. Bowers, E.
Hu, U. K. Mishra, S. P. DenBaars, T. Deguchi, T. Sota, and S.
Nakamura, Appl. Phys. Lett. 74, 1460 (1999).

[12] H. P. D. Schenk, M. Leroux, and P. de Mierry, J. Appl. Phys. 88,
1525 (2000).

[13] S. Nakamura, M. Senoh, N. Iwasa, and S. Nagahama, Jpn. J.
Appl. Phys. 34, L797 (1995).

[14] S. Nakamura, Solid State Commun. 102, 237 (1997).

[15] P. G. Eliseev, P. Perlin, J. Lee, and M. Osiriski, Appl. Phys. Lett.
71, 569 (1997).

[16] Y. H. Cho, G. H. Gainer, A. J. Fischer, J. J. Song, S. Keller,
U. K. Mishra, and S. P. DenBaars, Appl. Phys. Lett. 73, 1370
(1998).

[17] R. Zimmermann and E. Runge, Phys. Status Solidi A 164, 511
(1997).

[18] P. G. Eliseev, J. Appl. Phys. 93, 5404 (2003).

[19] T. Wang, H. Saeki, J. Bai, T. Shirahama, M. Lachab, S. Sakai,
and P. Eliseev, Appl. Phys. Lett. 76, 1737 (2000).

[20] C. Netzel, H. Bremers, L. Hoffmann, D. Fuhrmann, U. Rossow,
and A. Hangleiter, Phys. Rev. B 76, 155322 (2007).

[21] H. Murotani, Y. Yamada, T. Tabata, Y. Honda, M. Yamaguchi,
and H. Amano, J. Appl. Phys. 114, 153506 (2013).

[22] K. Kazlauskas, G. Tamulaitis, P. Pobedinskas, A. Zukauskas, M.
Springis, C. F. Huang, Y. C. Cheng, and C. C. Yang, Phys. Rev.
B 71, 085306 (2005).

[23] K. L. Teo, J. S. Colton, P. Y. Yu, E. R. Weber, M. F. Li, W. Liu,
K. Uchida, H. Tokunaga, N. Akutsu, and K. Matsumoto, Appl.
Phys. Lett. 73, 1697 (1998).

[24] T. J. Badcock, P. Dawson, M. J. Davies, M. J. Kappers, F. C.
P. Massabuau, F. Oehler, R. A. Oliver, and C. J. Humphreys, J.
Appl. Phys. 115, 113505 (2014).

PHYSICAL REVIEW B 90, 205302 (2014)

[25] A. Hangleiter, F. Hitzel, C. Netzel, D. Fuhrmann, U. Rossow,
G. Ade, and P. Hinze, Phys. Rev. Lett. 95, 127402 (2005).

[26] T. Langer, H. G. Pietscher, H. Bremers, U. Rossow, D. Menzel,
and A. Hangleiter, Proc. SPIE 8625, 862522 (2013).

[27] C.Liu, B. Mensching, M. Zeitler, K. Volz, and B. Rauschenbach,
Phys. Rev. B 57, 2530 (1998).

[28] D. Kovalev, B. Averboukh, D. Volm, B. K. Meyer, H. Amano,
and I. Akasaki, Phys. Rev. B 54, 2518 (1996).

[29] M. E. Vickers, M. J. Kappers, T. M. Smeeton, E. J. Thrush, J. S.
Barnard, and C. J. Humphreys, J. Appl. Phys. 94, 1565 (2003).

[30] H. Bremers, A. Schwiegel, L. Hoffmann, H. Jonen, U. Rossow,
J. Thalmair, J. Zweck, and A. Hangleiter, Phys. Status Solidi B
248, 616 (2011).

[31] Y. P. Varshni, Physica 34, 149 (1967).

[32] L. Viiia, S. Logothetidis, and M. Cardona, Phys. Rev. B 30, 1979
(1984).

[33] C. Netzel, C. Mauder, T. Wernicke, B. Reuters, H. Kalisch, M.
Heuken, A. Vescan, M. Weyers, and M. Kneissl, Semicond. Sci.
Technol. 26, 105017 (2011).

[34] T. Langer, H. Jonen, A. Kruse, H. Bremers, U. Rossow, and
A. Hangleiter, Appl. Phys. Lett. 103, 022108 (2013).

[35] J. Feldmann, G. Peter, E. O. Gobel, P. Dawson, K. Moore,
C. Foxon, and R. J. Elliott, Phys. Rev. Lett. 59, 2337 (1987).

[36] L. C. Andreani, F. Tassone, and F. Bassani, Solid State Commun.
77, 641 (1991).

[37] B. K. Ridley, Phys. Rev. B 41, 12190 (1990).

[38] T. Takeuchi, S. Sota, M. Katsuragawa, M. Komori, H. Takeuchi,
H. Amano, and I. Akasaki, Jpn. J. Appl. Phys. 36, L.382 (1997).

[39]1 J. S. Im, H. Kollmer, J. Off, A. Sohmer, F. Scholz, and
A. Hangleiter, Phys. Rev. B 57, R9435 (1998).

[40] A. Hangleiter, J. S. Im, H. Kollmer, S. Heppel, J. Off, and
F. Scholz, MRS Internet J. Nitride Semicond. Res. 3, 15 (1998).

[41] M. Gladysiewicz and R. Kudrawiec, Phys. Status Solidi A 209,
752 (2012).

[42] C. Gourdon and P. Lavallard, Phys. Status Solidi B 153, 641
(1989).

[43] C. H. Henry and D. V. Lang, Phys. Rev. B 15, 989 (1977).

[44] T. N. Morgan, Phys. Rev. B 28, 7141 (1983).

[45] A. M. Stoneham, Rep. Prog. Phys. 44, 1251 (1981).

[46] R. Passler, Phys. Status Solidi B 78, 625 (1976).

[47] B. K. Ridley and M. A. Amato, J. Phys. C 14, 1255 (1981).

[48] P.Bigenwald, P. Lefebvre, T. Bretagnon, and B. Gil, Phys. Status
Solidi B 216, 371 (1999).

[49] T. Langer, A. Chernikov, D. Kalincev, M. Gerhard, H. Bremers,
U. Rossow, M. Koch, and A. Hangleiter, Appl. Phys. Lett. 103,
202106 (2013).

[50] S. Hughes and T. Kobayashi, Semicond. Sci. Technol. 12, 733
(1997).

[51] S. H. Park, Appl. Phys. Lett. 80, 2830 (2002).

205302-9


http://dx.doi.org/10.1063/1.122350
http://dx.doi.org/10.1063/1.122350
http://dx.doi.org/10.1063/1.122350
http://dx.doi.org/10.1063/1.122350
http://dx.doi.org/10.1103/PhysRevLett.82.237
http://dx.doi.org/10.1103/PhysRevLett.82.237
http://dx.doi.org/10.1103/PhysRevLett.82.237
http://dx.doi.org/10.1103/PhysRevLett.82.237
http://dx.doi.org/10.1002/1521-396X(200003)178:1<331::AID-PSSA331>3.0.CO;2-9
http://dx.doi.org/10.1002/1521-396X(200003)178:1<331::AID-PSSA331>3.0.CO;2-9
http://dx.doi.org/10.1002/1521-396X(200003)178:1<331::AID-PSSA331>3.0.CO;2-9
http://dx.doi.org/10.1002/1521-396X(200003)178:1<331::AID-PSSA331>3.0.CO;2-9
http://dx.doi.org/10.1103/PhysRevB.68.045331
http://dx.doi.org/10.1103/PhysRevB.68.045331
http://dx.doi.org/10.1103/PhysRevB.68.045331
http://dx.doi.org/10.1103/PhysRevB.68.045331
http://dx.doi.org/10.1080/00018736700101265
http://dx.doi.org/10.1080/00018736700101265
http://dx.doi.org/10.1080/00018736700101265
http://dx.doi.org/10.1080/00018736700101265
http://dx.doi.org/10.1103/PhysRevB.25.3828
http://dx.doi.org/10.1103/PhysRevB.25.3828
http://dx.doi.org/10.1103/PhysRevB.25.3828
http://dx.doi.org/10.1103/PhysRevB.25.3828
http://dx.doi.org/10.1063/1.116983
http://dx.doi.org/10.1063/1.116983
http://dx.doi.org/10.1063/1.116983
http://dx.doi.org/10.1063/1.116983
http://dx.doi.org/10.1063/1.121855
http://dx.doi.org/10.1063/1.121855
http://dx.doi.org/10.1063/1.121855
http://dx.doi.org/10.1063/1.121855
http://dx.doi.org/10.1063/1.123581
http://dx.doi.org/10.1063/1.123581
http://dx.doi.org/10.1063/1.123581
http://dx.doi.org/10.1063/1.123581
http://dx.doi.org/10.1063/1.373850
http://dx.doi.org/10.1063/1.373850
http://dx.doi.org/10.1063/1.373850
http://dx.doi.org/10.1063/1.373850
http://dx.doi.org/10.1143/JJAP.34.L797
http://dx.doi.org/10.1143/JJAP.34.L797
http://dx.doi.org/10.1143/JJAP.34.L797
http://dx.doi.org/10.1143/JJAP.34.L797
http://dx.doi.org/10.1016/S0038-1098(96)00722-3
http://dx.doi.org/10.1016/S0038-1098(96)00722-3
http://dx.doi.org/10.1016/S0038-1098(96)00722-3
http://dx.doi.org/10.1016/S0038-1098(96)00722-3
http://dx.doi.org/10.1063/1.119797
http://dx.doi.org/10.1063/1.119797
http://dx.doi.org/10.1063/1.119797
http://dx.doi.org/10.1063/1.119797
http://dx.doi.org/10.1063/1.122164
http://dx.doi.org/10.1063/1.122164
http://dx.doi.org/10.1063/1.122164
http://dx.doi.org/10.1063/1.122164
http://dx.doi.org/10.1002/1521-396X(199711)164:1<511::AID-PSSA511>3.0.CO;2-C
http://dx.doi.org/10.1002/1521-396X(199711)164:1<511::AID-PSSA511>3.0.CO;2-C
http://dx.doi.org/10.1002/1521-396X(199711)164:1<511::AID-PSSA511>3.0.CO;2-C
http://dx.doi.org/10.1002/1521-396X(199711)164:1<511::AID-PSSA511>3.0.CO;2-C
http://dx.doi.org/10.1063/1.1567055
http://dx.doi.org/10.1063/1.1567055
http://dx.doi.org/10.1063/1.1567055
http://dx.doi.org/10.1063/1.1567055
http://dx.doi.org/10.1063/1.126151
http://dx.doi.org/10.1063/1.126151
http://dx.doi.org/10.1063/1.126151
http://dx.doi.org/10.1063/1.126151
http://dx.doi.org/10.1103/PhysRevB.76.155322
http://dx.doi.org/10.1103/PhysRevB.76.155322
http://dx.doi.org/10.1103/PhysRevB.76.155322
http://dx.doi.org/10.1103/PhysRevB.76.155322
http://dx.doi.org/10.1063/1.4825124
http://dx.doi.org/10.1063/1.4825124
http://dx.doi.org/10.1063/1.4825124
http://dx.doi.org/10.1063/1.4825124
http://dx.doi.org/10.1103/PhysRevB.71.085306
http://dx.doi.org/10.1103/PhysRevB.71.085306
http://dx.doi.org/10.1103/PhysRevB.71.085306
http://dx.doi.org/10.1103/PhysRevB.71.085306
http://dx.doi.org/10.1063/1.122249
http://dx.doi.org/10.1063/1.122249
http://dx.doi.org/10.1063/1.122249
http://dx.doi.org/10.1063/1.122249
http://dx.doi.org/10.1063/1.4868628
http://dx.doi.org/10.1063/1.4868628
http://dx.doi.org/10.1063/1.4868628
http://dx.doi.org/10.1063/1.4868628
http://dx.doi.org/10.1103/PhysRevLett.95.127402
http://dx.doi.org/10.1103/PhysRevLett.95.127402
http://dx.doi.org/10.1103/PhysRevLett.95.127402
http://dx.doi.org/10.1103/PhysRevLett.95.127402
http://dx.doi.org/10.1117/12.2002843
http://dx.doi.org/10.1117/12.2002843
http://dx.doi.org/10.1117/12.2002843
http://dx.doi.org/10.1117/12.2002843
http://dx.doi.org/10.1103/PhysRevB.57.2530
http://dx.doi.org/10.1103/PhysRevB.57.2530
http://dx.doi.org/10.1103/PhysRevB.57.2530
http://dx.doi.org/10.1103/PhysRevB.57.2530
http://dx.doi.org/10.1103/PhysRevB.54.2518
http://dx.doi.org/10.1103/PhysRevB.54.2518
http://dx.doi.org/10.1103/PhysRevB.54.2518
http://dx.doi.org/10.1103/PhysRevB.54.2518
http://dx.doi.org/10.1063/1.1587251
http://dx.doi.org/10.1063/1.1587251
http://dx.doi.org/10.1063/1.1587251
http://dx.doi.org/10.1063/1.1587251
http://dx.doi.org/10.1002/pssb.201046335
http://dx.doi.org/10.1002/pssb.201046335
http://dx.doi.org/10.1002/pssb.201046335
http://dx.doi.org/10.1002/pssb.201046335
http://dx.doi.org/10.1016/0031-8914(67)90062-6
http://dx.doi.org/10.1016/0031-8914(67)90062-6
http://dx.doi.org/10.1016/0031-8914(67)90062-6
http://dx.doi.org/10.1016/0031-8914(67)90062-6
http://dx.doi.org/10.1103/PhysRevB.30.1979
http://dx.doi.org/10.1103/PhysRevB.30.1979
http://dx.doi.org/10.1103/PhysRevB.30.1979
http://dx.doi.org/10.1103/PhysRevB.30.1979
http://dx.doi.org/10.1088/0268-1242/26/10/105017
http://dx.doi.org/10.1088/0268-1242/26/10/105017
http://dx.doi.org/10.1088/0268-1242/26/10/105017
http://dx.doi.org/10.1088/0268-1242/26/10/105017
http://dx.doi.org/10.1063/1.4813446
http://dx.doi.org/10.1063/1.4813446
http://dx.doi.org/10.1063/1.4813446
http://dx.doi.org/10.1063/1.4813446
http://dx.doi.org/10.1103/PhysRevLett.59.2337
http://dx.doi.org/10.1103/PhysRevLett.59.2337
http://dx.doi.org/10.1103/PhysRevLett.59.2337
http://dx.doi.org/10.1103/PhysRevLett.59.2337
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1103/PhysRevB.41.12190
http://dx.doi.org/10.1103/PhysRevB.41.12190
http://dx.doi.org/10.1103/PhysRevB.41.12190
http://dx.doi.org/10.1103/PhysRevB.41.12190
http://dx.doi.org/10.1143/JJAP.36.L382
http://dx.doi.org/10.1143/JJAP.36.L382
http://dx.doi.org/10.1143/JJAP.36.L382
http://dx.doi.org/10.1143/JJAP.36.L382
http://dx.doi.org/10.1103/PhysRevB.57.R9435
http://dx.doi.org/10.1103/PhysRevB.57.R9435
http://dx.doi.org/10.1103/PhysRevB.57.R9435
http://dx.doi.org/10.1103/PhysRevB.57.R9435
http://dx.doi.org/10.1002/pssa.201127485
http://dx.doi.org/10.1002/pssa.201127485
http://dx.doi.org/10.1002/pssa.201127485
http://dx.doi.org/10.1002/pssa.201127485
http://dx.doi.org/10.1002/pssb.2221530222
http://dx.doi.org/10.1002/pssb.2221530222
http://dx.doi.org/10.1002/pssb.2221530222
http://dx.doi.org/10.1002/pssb.2221530222
http://dx.doi.org/10.1103/PhysRevB.15.989
http://dx.doi.org/10.1103/PhysRevB.15.989
http://dx.doi.org/10.1103/PhysRevB.15.989
http://dx.doi.org/10.1103/PhysRevB.15.989
http://dx.doi.org/10.1103/PhysRevB.28.7141
http://dx.doi.org/10.1103/PhysRevB.28.7141
http://dx.doi.org/10.1103/PhysRevB.28.7141
http://dx.doi.org/10.1103/PhysRevB.28.7141
http://dx.doi.org/10.1088/0034-4885/44/12/001
http://dx.doi.org/10.1088/0034-4885/44/12/001
http://dx.doi.org/10.1088/0034-4885/44/12/001
http://dx.doi.org/10.1088/0034-4885/44/12/001
http://dx.doi.org/10.1002/pssb.2220780222
http://dx.doi.org/10.1002/pssb.2220780222
http://dx.doi.org/10.1002/pssb.2220780222
http://dx.doi.org/10.1002/pssb.2220780222
http://dx.doi.org/10.1088/0022-3719/14/9/012
http://dx.doi.org/10.1088/0022-3719/14/9/012
http://dx.doi.org/10.1088/0022-3719/14/9/012
http://dx.doi.org/10.1088/0022-3719/14/9/012
http://dx.doi.org/10.1002/(SICI)1521-3951(199911)216:1<371::AID-PSSB371>3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3951(199911)216:1<371::AID-PSSB371>3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3951(199911)216:1<371::AID-PSSB371>3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3951(199911)216:1<371::AID-PSSB371>3.0.CO;2-S
http://dx.doi.org/10.1063/1.4830366
http://dx.doi.org/10.1063/1.4830366
http://dx.doi.org/10.1063/1.4830366
http://dx.doi.org/10.1063/1.4830366
http://dx.doi.org/10.1088/0268-1242/12/6/015
http://dx.doi.org/10.1088/0268-1242/12/6/015
http://dx.doi.org/10.1088/0268-1242/12/6/015
http://dx.doi.org/10.1088/0268-1242/12/6/015
http://dx.doi.org/10.1063/1.1471568
http://dx.doi.org/10.1063/1.1471568
http://dx.doi.org/10.1063/1.1471568
http://dx.doi.org/10.1063/1.1471568



