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ABSTRACT

We analyze the low-temperature photoluminescence decay times, for a series of MBE-grown
samples embedding GaN-AlGaN quantum wells. We investigate a variety of configurations in
terms of well widths, barrier widths and overall strain states. We find that not only the wells but
also the barriers are submitted to large built-in electric fields. In the case of narrow barriers
(5 nm), these fields favor the nonradiative escape of carriers from narrow wells into wider wells.
When all wells have the same width, the field in such narrow barriers allow us to observe the
recombination of long-lived "inter-well" excitons at energies close to those of the short-lived
"intra-well" excitons. Our results also prove that the energies and the dynamics of excitonic
recombinations depend on the parameters of the heterostructures in a complicated way, due to
the interplay of piezoelectric and spontaneous polarizations.

INTRODUCTION

Nitride semiconductor quantum wells (QWs) are emerging as promising systems for the
realization of blue-UV light emitters and detectors [1,2]. Their importance is such that it is
crucial to obtain a better comprehension of mechanisms that rule optical processes in these
heterostructures, especially from the dynamical viewpoint. In particular, it has been recently
shown [3-8] that some original behaviors are due to the presence, along the growth axis of the
QWs, of built-in electric fields of several hundred kV/cm. Considering the large lattice-mismatch
between the constituents, these fields have been assigned [5-8] to the piezoelectric effect, due to
very large piezoelectric coefficients. In fact, theoretical investigations [9,10] have established
that two mechanisms, essentially similar in nature, should be considered to explain the large
electric fields reported thus far. According to these studies, the values of the fields in the wells
and in the barriers depend on the difference of piezoelectric polarizations between the two
materials and on the difference of their so-called spontaneous (or equilibrium) polarizations.

The latter polarizations are essentially provoked by the nonideal c/a ratio of lattice parameters
in the hexagonal elementary cells. The magnitudes of these spontaneous polarizations have been
found to be particularly large in group-III nitride semiconductors; in fact, they are the largest of
all III-V compounds [9], with values comparable to those for ZnO or BeO. However, Bernardini
and Fiorentini have also calculated that the spontaneous polarizations of GaN and InN are not
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very different. Thus, for ideal (disorder-free) InGaN-GaN QWs, the main effect which induces
built-in electric fields is the difference of piezoelectric polarizations. On the other hand, this is
not the case for the GaN-AlGaN pair, because the spontaneous polarizations of the two
compounds are really different. Both spontaneous and piezoelectric contributions have to be
considered for GaN-AlGaN QW systems. For ideal infinite GaN/GaAlN superlattices, with well
and barrier widths LW and LB, the electric fields in the wells and in the barriers are given
respectively by [10,11]:

EW = LB . ( |Psp
W| - |Psp

B| - |Ppz
W| - |Ppz

B| ) / (εB LW + εW LB) (1),

EB = LW . ( |Psp
B| + |Ppz

W| + |Ppz
B| - |Psp

W| ) / (εB LW + εW LB) (2),

where εW and εB are the dielectric constants for the GaN wells (W) and the AlGaN barriers (B).
Psp

W and Psp
B are the spontaneous polarizations which have the same sign in both materials. On

the other hand, Ppz
W and Ppz

B (the piezoelectric polarizations) have opposite signs, at least for
QW systems which are pseudomorphically grown (i.e. lattice-matched) on GaN buffer layers,
themselves grown on sapphire substrates (this is the case of our samples). Indeed, GaN layers
undergo a small biaxial compression, while AlGaN layers are under biaxial tension. A first
interesting result expressed by these equations is that the field inside the GaN QWs is not
directly given only by the piezoelectric effect in the GaN layer. The second interesting result is
that this field inside the QWs is a growing function of the barrier width.

In this paper, we present time-resolved photoluminescence (TRPL) experiments which
support the above theoretical predictions, in particular in terms of the role played by the barriers
in GaN - AlGaN QW systems.

EXPERIMENTS

The samples were grown by molecular beam epitaxy on sapphire substrates, followed by a
2 µm thick GaN buffer layer, grown at 800°C. Next, GaN/GaAlN multiple- or single- QWs have
been deposited, all samples being terminated by 30 nm thick GaAlN layers, with the same Al
composition as the barriers. These barriers have thicknesses of 5 nm for the two multiple QWs
presented and of 30 nm for the single QW. All samples have been grown in the same setup,
under identical growth conditions. Thus, there is no reason to expect important differences
between them, in terms of bulk or interface nonradiative processes, for instance.

Sample 1 is a single GaN / Ga0.91Al0.09N QW with nominal thickness of 17 MLs (1 ML =
2.59 Å). Sample 2 is made of ten GaN / Ga0.89Al0.11N QWs having all the same nominal
thickness of 6 MLs. Sample 3 contains four GaN / Ga0.89Al0.11N QWs with respective
thicknesses: 3, 7, 11 and 15 MLs, nominally, from the surface towards the GaN buffer layer.

Detailed results of continuous-wave spectroscopy, at T = 2K, are available elsewhere [12-14].
In summary, Sample 1 shows a single PL peak at 3389.3 meV, well below the excitonic gap of
GaN, due to a strong electric field. The latter induces a very small oscillator strength for the
fundamental transition, which explains that no reflectivity feature corresponds to the PL line.
Sample 2 exhibits a single intense PL line at 3583.2 meV, Stokes-shifted by ~30 meV from the
corresponding strong reflectivity structure. The PL lines of the 15, 11, 7 and 3 ML-wide QWs in
Sample 1 peak respectively at 3462.0, 3513.3, 3569.0 and 3671.9 meV. All PL lines are Stokes-
shifted from their reflectance structure by ~40-50 meV. This is assigned [15] to the localization
of excitons on areas where the QWs exceed their nominal thicknesses by 2 MLs. Thus, we have
considered such "enlarged" well thicknesses in our envelope function calculations of transition
energies. These calculations include excitonic effects and the material parameters have been
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taken from Refs. [16-18]. The magnitude of the electric field in the QWs is a fitting parameter: a
very good agreement is found between calculated and measured energies provided that we
include fields of 600 kV/cm for Sample 1 and of 450 kV/cm for Samples 2 and 3 [13].

Such a difference of internal fields does not result from different strain states. This is proved
by the energies of the A, B and C excitons in the GaN buffers, measured by reflectivity. It is
well-known that these energies have a direct correlation [16] with the amount of residual in-
plane compressive strain in GaN layers grown on sapphire. These energies are respectively, of
3480.0, 3486.5 and 3503.0 meV, for Sample 1, 3478.8, 3484.7 and 3502.0 meV, for Sample 2,
and 3482.2, 3488.8 and 3506.4 meV, for Sample 3.

We see that the strain in GaN layers is almost the same for all samples: it is slightly smaller
for Sample 2 than for Sample 1, and slightly smaller for Sample 1 than for Sample 3. From these
results and assuming that AlGaN layers are lattice-matched onto the GaN buffers, we find that
the differences of piezoelectric polarizations of wells and barriers are almost identical for the
three samples. This is a first evidence that the magnitudes of internal fields are not a simple
function of the compressive strain in the GaN layers. Instead, the larger electric field in Sample 1
can be explained by the thicker barriers, according to Eq. (1). Consistently, the "opposite" field
in the barriers should be 4-5 times weaker for Sample 1 than for the other samples [see Eq. (2)].

For TRPL experiments, the excitation is provided by laser pulses with λ = 270 nm and with
typical temporal width of 2 ps, at a repetition frequency of 82 MHz. A helium closed-cycle
cryostat is used for cooling the samples down to a minimum of 8 K. The PL is analyzed through
a spectrometer and detected by a streak camera. The overall time-resolution of the setup is ~5 ps.
Figure 1(a) shows the temporal evolution of the PL spectrum of Sample 1. We find that the
decay is multi-exponential in all regions of this spectrum. We get a satisfactory fitting only when
including at least three exponential decays. We also notice a red-shift of the line of ~6 meV for
increasing times, which suggests some band filling effects and the partial screening of the
internal field by photocarriers, at short times.
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Figure 1: Evolution with time of the PL of Samples 1 (a) and 2 (b), shown by the spectra
recorded on various time intervals. Indicative decay times are shown for various spectral ranges.

The overall decay time is of more than 10 ns, especially in the low-energy range, where it
reaches the upper limits of our time detection. Such decay times are fairly comparable with the
estimations of ~35 ns for the radiative lifetime of such localized excitons, that we made via
variational envelope-function calculations of the excitonic oscillator strength [19,20], including a
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field of 600 kV/cm. On the other hand, the PL decay times, displayed in Fig. 2, for the QWs of
Sample 3 are much shorter than the radiative lifetimes, estimated for a field of 450 kV/cm.

These radiative lifetimes are again of several nanoseconds, and increase almost exponentially
with the well width. The experimental decay times rather show a linear increase and are of the
order of several tens of picoseconds. Moreover, we have measured here clear mono-exponential
decays. We interpret these decays as arising from the competition between radiative
recombinations and the nonradiative transfer of carriers across the barriers, from each well into
its wider neighbor and, eventually, into the GaN buffer. This interpretation is supported by the
linear increase of the times for reaching maximum PL intensity, when going from the narrowest
QW (arbitrarily assigned to zero-delay) to the widest QW (see open circles in Fig. 2). Indeed, the
latter result strongly suggests a kind of recycling of the carriers that are lost by a well, which
cross the barrier and feed the neighboring wider well. This kind of transfer is made possible by
the quantum coupling of the different QWs across the thin (5 nm) barriers. Each electron
subband corresponds to a wave function delocalized over the entire multi-QW system. An
electron in an excited state, which is mainly localized in a given well, can either recombine
radiatively with a hole within this well, or thermalize, by phonon emission, towards a lower-
lying state of the entire structure, which happens to be mainly localized on another well. The
efficiency of this process is a growing function of the probability of leakage of the envelope
function in the adjacent well, which is small in the present case (for the electron state centered on
the 3 ML QW, the probability in this well is ~180 times larger than in the 7 ML QW). If the
QWs were strongly coupled, the carriers would thermalize even more efficiently towards their
ground state: the recombinations from narrow wells would have even shorter lifetimes. By
enhancing the leakage probablility, the strong built-in electric fields in the barriers slightly favor
such carrier transfers.

We can only propose a qualitative picture of the electric fields in all layers, because many
material parameters are still poorly known. Theoretical calculations indicate that the general
band profiles in our samples should resemble those sketched in Fig. 3, but these are only valid
for ideal insulators, i.e. band curvatures are likely to occur due to free carriers, in real samples.
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Figure 2: PL decay times (solid circles) versus QW width (nominal widths increased by two
units have been used). Open circles show the change of the time for reaching maximum PL
intensity.
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SAMPLE 1 SAMPLE 2

Figure 3: Sketch of conduction band minima in Samples 1 and 2 as deduced from Eqs (1) and
(2), in the case of GaN/GaAlN QWs without any free carriers. Reasonable values of fields,
widths, and potential discontinuities have been used, and both figures have the same scale.

The case of Sample 3, not shown, should be like the case of Sample 2, except for the varying
well widths. We remark that we have assumed, for multi-QWs, an overall "flat" band profile. We
have an indication of this lineup by analyzing TRPL results obtained on Sample 2 (see below).

Figure 1(b) shows the change of the PL spectrum of Sample 2 versus time. Contrary to the
case of the single QW, we observe a clear blue-shift of 5 meV of the PL maximum between
small and large delays. This totally unusual behavior, and the somewhat irregular shape of the
spectrum, suggest that this PL line is made of several contributions, due to a variety of
configurations in terms of local well and barrier widths. This is confirmed by the multi-
exponential decay in all regions of the spectrum. Dominant fast components (typical decay times
of 200 ps) are present for the entire line, whereas much slower decays (typically 2.5 ns) are
rather present in the high-energy part of the line. We interpret these slow decays as arising from
spatially indirect, inter-well exciton recombinations, whereas fast decays rather correspond to
excitons recombining within a given well.

Inter-well transitions are favored, here, by the electric fields which push electrons towards the
left-hand side of the QW (see Fig. 3), while holes in its left-hand next neighbor are pushed to the
right. Nervertheless, intra-well and inter-well recombinations cannot be observed simultaneously
without an essential mechanism, namely the strong in-plane localization of electrons and holes
[12-15,20,21], with trapping energies of several tens of meV, and localization radii smaller than
the Bohr radius [21]. Then, there are statistically some occurences for which the in-plane
distance of the localization sites of the electron and the hole is large (compared e.g. to the barrier
width). In such cases, an inter-well recombination is more probable than its intra-well
counterpart.

Variational calculations of transition energies and oscillator strengths allow us to get a
satisfactory description of experimental results: we have performed a series of calculations
assuming variations and permutations of well and barrier widths near their nominal values (e.g.
between 6 and 9 MLs, for QWs), for a model-system made of three QWs. We find a "band" of
short-lived "intra-well" excitons covering the range between 3585 and 3625 meV and two
"bands" of inter-well excitons at 3595-3605 meV and 3615-3620 meV. Inter-well excitons lie at
larger energies than intra-well excitons mainly because of a smaller binding energy. But it is
crucial to note that the energies of the two types of transitions would be completely different if
the general band profile was not "globally flat", as shown in Fig. 3.
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CONCLUSION

We have shown the key role played by the complex interplay of piezoelectric and spontaneous
polarizations in GaN-GaAlN QWs, by analyzing time-resolved PL experiments on such samples.
This interplay induces a complex dependence of built-in electric fields on layer thicknesses and
biaxial strains. Consequently, each sample should be considered individually (a single QW
cannot be regarded as a multiple QW) and original behaviors appear, in terms of excitonic
energies and lifetimes and of carrier transfer mechanisms. These particularities pave the way for
versatile applications of such QWs, which are undoubtedly promised to a bright future.
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