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Time-resolved cathodoluminescence at 27 K has been performed on a-plane GaN grown by
epitaxial lateral overgrowth. We detail the relaxation and recombination mechanisms of excitons
#free or bound to neutral donors, or bound to I1-type basal stacking faults !BSFs"$ in relation to the
local density in BSFs. We describe the slow exciton capture rate on isolated BSFs by a diffusion
model involving donors via a hopping process. Where BSFs are organized into bundles, we relate
the shorter rise time to intra-BSF localization processes and the multiexponential decay to the
type-II band alignment of BSFs in wurtzite GaN. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3142396$

Wurtzite group-III nitrides are nowadays the materials of
choice for optoelectronic devices emitting visible-UV light.1

However, the presence in heterostructures of huge built-in
electric fields along the c-axis2 decreases the overlap be-
tween the electron and hole wave functions and therefore
increases the influence of nonradiative processes at room
temperature.3 The growth of nitride heterostructures along
the a-axis—a nonpolar direction perpendicular to the
c-axis—is a way to overcome the quantum-confined Stark
effect4 and to enhance the radiative efficiency of the devices.
However, the growth of high-quality a-plane GaN is com-
plex, and still gives rise to large densities of extended
defects.5–7 In particular, basal stacking faults !BSFs" of
different kinds constitute extended defects with optical
activity, which have been studied both theoretically8,9 and
experimentally.10–12 They are generally considered as narrow
!a few atomic monolayers" type-II quantum wells made of
cubic-like GaN surrounded by wurtzite GaN barriers. Re-
cently, cathodoluminescence !CL" studies of epitaxial lateral
overgrowth !ELO" a-plane GaN showed that I1-type BSFs
tend to gather into dense bundles, evidencing position-
dependent morphologies.12 In the high-quality, fast-grown
“+c wings,” those bundles give rise to intense CL stripes at

the characteristic photon energy of 3.417 eV #see Fig. 1!b"$.
The stripes are typically several tens of micrometers long,
and correspond to the emergence of high densities of BSF
planes !typically some 106 cm!1",13 which propagate verti-
cally from the interface between the epilayer and the SiO2
mask used for the ELO.14 Our observation of a slight CL
signal at 3.417 eV, when excitation is focused away from
those bright stripes, was tentatively ascribed to a local much
lower density of BSFs, rather than to an efficient exciton
transfer from the excitation spot toward the bundles. This
point should nevertheless be ascertained by dynamical mea-
surements. The time-resolved photoluminescence experi-
ments that we performed12 did not have the spatial resolution
required for such a direct observation, but provided quanti-
tative information on the respective transfer/recombination
dynamics of free, donor-bound, and BSF-bound excitons, in-
tegrated over a sample surface of typically 104 !m2, i.e.,
mixing the contributions from morphologically different
zones of the sample. Picosecond-time-resolved CL !pTRCL"
allows us to benefit from both strong spatial and temporal
resolutions. This technique has proven to be insightful
for transfer/recombination mechanisms in complex
nanostructures.15 The recent implementation in our pTRCL
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FIG. 1. !Color online" Blue !respec-
tively red" curves correspond to exci-
tation away from !respectively on"
bundles of BSFs, as shown in !b" by a
blue !respectively red" dot. !a" Time-
integrated CL spectra !upper curve is
blue". !b" Top-view CL map taken at
3.417 eV. White arrows point out the
emergence of bundles of BSFs. !c"
Time decays of the 3.417 eV CL signal
!upper curve is red".
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setup of a cryogenic system based on liquid-helium cooling
of a copper sample holder now allows us to routinely reach
temperatures as low as 27 K.

In this letter, we therefore use low-temperature pTRCL
to obtain quantitative information on exciton diffusion and
recombination in an ELO a-plane GaN sample. We clearly
confirm that, depending on the region of the sample, BSFs
are either diluted or concentrated and, for different excitation
spots, we thoroughly measure the CL rise and decay times
for all excitonic lines. We propose a diffusion model that
emphasizes the role of donors in the dynamics of exciton
trapping by BSFs.

Our 22 !m thick a-plane GaN epilayer has been grown
by hydride vapor phase epitaxy using the ELO technique
!ELO wings width comprised between 20 and 30 !m".5,6

We purposely stopped the growth before the coalescence of
the ELO wings in order to study separately the +c and !c
wings. Our pTRCL setup uses a picosecond pulsed electron
gun that focuses electrons onto the sample surface with a 50
nm accuracy. We used an acceleration voltage of 8 kV and
obtained a probe current comprised between 1 and 100 pA at
the sample surface. Electron-hole pairs are generated within
a pear-shaped volume, which in-plane extension is well de-
scribed by a two-dimensional Gaussian distribution.16 The
luminescence of the samples was analyzed by a 600 grooves
per mm grating followed by a streak camera synchronized
with the pulsed electron gun, yielding temporal resolution of
10 ps.

Figure 1!a" shows time-integrated CL spectra of our
sample. Based on previous studies,11 we assign the emission
lines at 3.471 and 3.417 eV to donor-bound exciton A !D°X"
and to BSF-bound exciton, respectively. On the high energy
side of the D°X lies the emission from free exciton A !FX"
at 3.478 eV, to be taken into account in a careful deconvolu-
tion procedure. Figure 1!b" shows top-view time-integrated
CL map of our ELO GaN epilayer at T=27 K, taken at the
luminescence energy of I1-BSFs. Despite the higher density
in BSF in the !c wings, one can note that the BSF emission
in these regions is weak, to be related with high local densi-
ties of nonradiative defects that dominate the recombination
mechanisms. On this image, we also distinguish in the +c
wings the bright bundles and the diluted zones. In the diluted
zones, the CL spectrum and dynamics #Figs. 1!a" and 1!c"$
remain absolutely unchanged when we change, from a few
hundred nanometers to several micrometers, the distance be-
tween the excitation spot and the nearest bundle. In particu-
lar, the rise-times of the donor- and BSF-bound excitons CL
do not depend on this distance, confirming that BSFs are
homogeneously present in those regions.

In those regions, we measured the CL decay dynamics of
free-, donor-, and BSF-bound excitons !Fig. 2". The FX line
decays exponentially with a time constant of 85 ps, which
corresponds to the rise-time of the D°X luminescence. The
mechanism limiting the FX lifetime is therefore their capture
by donors. The D°X line decays exponentially with a time
constant of 135 ps. More surprising, the BSF CL, which
decays exponentially with a time constant of 770 ps, exhibits
a very slow rising—the maximum intensity is reached
%300 ps after the excitation. A priori, one would expect the
BSFs either to be directly populated by the excitation pulse
or to capture free excitons by a scattering process. In both
cases, given the measured decay time for free excitons, the

BSF rise-time should not exceed a few tens of picoseconds,
which is obviously not what we observe. The mechanism by
which the BSFs trap excitons is therefore more complex,
although it necessarily involves the diffusion of excitons.

We have therefore developed a one-dimensional diffu-
sion model for excitons along the c-axis, i.e., perpendicular
to the BSF planes. As sketched in the insert of Fig. 2, we
assumed two BSFs separated by typically 1 !m, consis-
tently with transmission electron microscopy that revealed,
in the +c wings of the ELO epilayer, typical BSF densities of
104 cm!1.13 Using the model developed in Ref. 16 and de-
rived for GaN,17 we account for the pulsed electron-beam
excitation at t=0 by a Gaussian distribution of free excitons,
with half-width of %200 nm, along the c-axis, centered be-
tween the two BSFs. These free excitons then diffuse with
the ambipolar diffusion coefficient DFX=4 cm2 s!1 deter-
mined independently18 and can also recombine radiatively
and nonradiatively !lifetimes "R and "NR", or be captured by
neutral donors !"C" or BSFs. For the latter process, as soon
as a free exciton reaches a BSF, we consider it instanta-
neously captured. BSF-bound excitons can only recombine
radiatively with decay time "BSF, whereas the radiative life-
time for donor-bound excitons is "D°X. A crucial ingredient
of the model is the time "ESC, characteristic of the thermally
assisted escape of excitons from neutral donors.

The insert in Fig. 2 illustrates the modeled time-
dependence of the FX and D°X density profiles. The param-
eters are those that allowed us to fit simultaneously the rela-
tive intensities, rising and decaying dynamics of all three
types of excitons !Fig. 2" for an inter-BSF distance of 1 !m.
Given the fast capture of excitons onto donors, and despite
some diffusion of those FX toward the BSFs, the D°X dis-
tribution after a few tens of picoseconds is quite similar to
the initial distribution of FX. Therefore, if we do not include
the thermally assisted reemission of excitons from the do-
nors, we cannot fit the observed long rise-time for the BSF
signal because the BSFs would receive a very small amount
of excitons with a short time constant.

FIG. 2. !Color online" Luminescence decays of FX, D°X, and BSF excitons
when excitation is on “diluted” regions. Solid lines are the result of the
diffusion model. The latter is sketched in the insert showing the calculated
spatial distributions of FX and D°X !black and red symbols, respectively" at
t=0 and t=50 ps !squares and triangles".
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The best fit to our experimental results yields "ESC
=600 ps, "C=150 ps, "D°X=140 ps, and "BSF=770 ps. The
latter two values are close to the measured CL decay times
and they are therefore determined with an excellent accuracy.
The same comment goes to the capture time of FX onto
donors !"C", which controls both the decay rate of FX, and
the rise rate of the D°X transition. We also find "NR
=600 ps and "R=6000 ps, but these values are estimated
with a lower accuracy. The FX radiative and nonradiative
recombinations are not the mechanisms that limit the FX
lifetime, but rather control the instantaneous intensity.

Concerning the role played by donors in the diffusion
process, we must stress the fact that the escape time "ESC is
neither independent on the inter-BSF distance, nor on the
fixed diffusion coefficient DFX. Nevertheless, whatever the
values that we tried to set for DFX or for the inter-BSF dis-
tance, we absolutely need to include the thermally assisted
escape of excitons from donors in order to fit the fast decay
of FX, and both the fast and slow rise-times of D°X and
BSFs CL. This demonstrates that, for T=27 K, the excitons
that are created in the diluted regions diffuse toward the
BSFs via the donors, by a kind of hopping process.
Temperature-dependent pTRCL experiments would usefully
complement these results, but we cannot yet ensure the me-
chanical stability of our nanodisplacements at intermediate
temperatures to perform such experiments.

Our model is not meant to describe the case of direct
excitation of bundles, where BSFs are typically separated
from each other by 10 nm, i.e., only three times the donor !or
exciton" Bohr radius, and smaller by a factor of 1.4 than the
characteristic diameter of the D°X complex.19 Consequently,
!i" the electron beam excites simultaneously several BSFs,
and !ii" the lifetimes of free- and donor-bound excitons
should be dramatically short. This is confirmed by the ex-
perimental results shown in Fig. 1!a". Only the BSF-related
line at 3.417 eV is observed. Its rise-time is much shorter
than the one observed in the diluted regions #Fig. 1!c"$, but
the maximum intensity is reached after %110 ps, which
means that the population of BSF excitons is not established
instantaneously. We tentatively relate this observation to
slow relaxation mechanisms of BSF-bound excitons toward
deep potential fluctuations inside BSFs themselves. These
intra-BSF localization processes have already been
reported,12,20 although not yet thoroughly interpreted.

The decay dynamics of the BSF-related CL are clearly
different when excitons are created on !multiexponential de-
cay" and away from !exponential" the bundles #Fig. 1!c"$. We
observe on the bundles components faster !0.5 ns" and
slower !1 ns" than the decay of diluted BSFs. This suggests
that, in the bundles, the overlap of electron and hole wave
functions presents a large variety that we relate to the distri-
bution of inter-BSF distances. This variety may be an indi-
rect proof of the type-II band alignment for the BSFs, the
large presence probability of the hole in the wurtzite GaN
“barriers” yielding a diversity of inter-BSF coupling
schemes. In case of type-I, electron and hole wave functions
are both pinned on the BSF plane, what should lead to a
variety in lifetime with lower amplitude. However, detailed
excitonic calculations are needed to confirm this hypothesis,

and to explain both the faster and the slower lifetimes in the
bundles.

In summary, we have used the low-temperature pTRCL
technique to investigate in detail the mechanisms of exciton
relaxation and recombination involving BSFs in an a-plane
GaN epilayer grown by the ELO method. Our results con-
firm that the BSFs exhibit two types of spatial distributions.
In the regions where they are diluted, the relaxation of exci-
tons toward them, for T=27 K, involves the donors via a
kind of hopping process. In the regions where they are con-
centrated into bundles, the exciton relaxation is much faster
but not instantaneous, which we tentatively ascribe to intra-
BSF localization processes. The decay dynamics of the BSF
CL was also found different, depending on whether the ex-
citation region has a small or high density of BSFs, which
may indirectly confirm the type-II band alignment expected
for I1-BSFs in GaN.
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