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A detailed study of excitons in unstrained GaN nanocolumns grown by plasma assisted molecular
beam epitaxy on silicon substrates is presented. The time-integrated and time-resolved
photoluminescence spectra do not depend significantly on the 共111兲 or 共001兲 Si surface used.
However, an unusually high relative intensity of the two-electron satellite peak of the dominant
donor-bound exciton line is systematically observed. We correlate this observation with the
nanocolumn morphology determined by scanning electron microscopy, and therefore propose an
interpretation based on the alteration of wave functions of excitonic complexes and of donor states
by the proximity of the semiconductor surface. This explanation is supported by a model that
qualitatively accounts for both relative intensities and time decays of the photoluminescence lines.
© 2009 American Institute of Physics. 关DOI: 10.1063/1.3062742兴
I. INTRODUCTION
1

Since Nakamura et al. reported in 1994 the fabrication
of blue-light-emitting diodes, GaN and related alloys have
attracted a great interest of the scientific community, giving
way to a huge improvement of material quality and to the
fabrication of a wide variety of electronic and optoelectronic
devices. However, the lack of lattice matched substrates remains one of the bottlenecks for a wider range of applications of nitride based devices. Indeed, heteroepitaxial growth
results in large densities of extended defects2 that deteriorate
the performances and affect the lifetime of the devices. One
alternative recently proposed to overcome this problem is
based on the fabrication of monocrystalline nitride nanocolumns 共NCs兲. Semiconductor NC heterostructures are expected to promote a variety of possible device applications,
some having already been demonstrated: nanowire lasers,3
light-emitting diodes,4 or transistors.5
Plasma assisted molecular beam epitaxy 共PAMBE兲
grown GaN NCs with diameters from 30 to 150 nm and
about 1 m high were proven to be dislocation- and strainfree structures.6–8 Alternative synthesis techniques are hydride vapor phase epitaxy9 or metal-organic chemical vapor
deposition.10 NCs made of GaN, 共Al,Ga兲N, and 共In,Ga兲N as
well as their heterostructures11,12 can be grown on a wide
variety of substrates, such as Si 共001兲,13 Si 共111兲,8 and
sapphire,6,7,14 with or without GaN buffer layer, the c-axis of
the columns being perpendicular to the surface of the substrate. Even though the activity in this field has been quite
significant in the past decade, rather little attention has been
devoted to the detailed study of optical properties of pure
a兲
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GaN NCs, in relation to their particular geometry. Indeed,
most optical studies were aimed at characterizing the crystalline and chemical quality of the NCs since quantum confinement effects were neither expected nor convincingly observed, due to the large diameter of the grown NCs,
compared to the excitonic Bohr radius.
This work presents the results of time-integrated and
time-resolved photoluminescence 共TI- and TR-PL兲 studies
performed on GaN NCs grown on Si substrates. We investigate and discuss some original features of excitonic emission
spectra that differ from those of GaN compact epilayers.
II. SAMPLES AND EXPERIMENTAL DETAILS

The studied GaN NCs have been grown by radiofrequency PAMBE on bare Si 共111兲 and Si 共001兲 substrates
far below stoichiometric conditions 共III/V ratioⰆ 1兲. By
varying the III/V ratio during the growth, one controls the
density and the diameter of these self-ordered
nanostructures:6,15 the smaller the III/V ratio, the smaller the
diameter, and the higher the density of NCs. The exceptional
crystalline quality of the NCs has been verified previously by
transmission electron microscopy16 and Raman scattering
studies,8 also proving that they are strain-free. Concerning
their morphology, Fig. 1 shows scanning electron microscopy 共SEM兲 micrographs for two samples, together with the
corresponding continuous-wave PL spectra. In general, SEM
reveals arrays of well separated NCs, aligned along the c
direction, whatever crystallographic plane of the substrate
used. Such measurements provided proper estimation of the
average NC radii 共see Table I兲. Figure 1 also suggests a possible correlation between the PL spectra and the sample morphology. We will discuss this issue further on in this work.
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FIG. 1. SEM images of GaN NCs grown on Si共111兲 substrates 共samples m988 and m1006兲, with respective continuous-wave PL spectra excited by laser
radiation at 325 nm. The NC diameters are much smaller in sample m988, and the PL line at 3.45 eV is also much more intense than for sample m1006.

It must be emphasized that no differences in structural
and optical properties between the NCs grown on Si 共100兲
and Si 共111兲13 were observed. Therefore, we will discuss
from now on the optical properties of the NCs without distinction of the substrate orientation.
Our TR-PL setup uses the third harmonic of an Al2O3 : Ti
mode-locked laser 共 = 280 nm兲, with pulse width and repetition rate of 2 ps and 80.7 MHz, respectively. The samples
are cooled in a closed-cycle He cryostat down to 8K. TR-PL
spectra were analyzed by a monochromator 共grating of either
1200 or 600 grooves/mm兲, followed by a streak camera and
using a photon counting mode.
III. TIME-INTEGRATED PHOTOLUMINESCENCE

Figure 2 displays the TI-PL spectra taken between 8 and
200 K for sample m1253. The spectrum at 8 K is typical of
all studied samples in terms of PL peak energies. What really
changes among these samples is the intensity ratio between

the dominant lines, at 3470.0⫾ 0.1 and 3448.5⫾ 0.2 meV.
In addition, weaker lines are observed at 3476.9⫾ 0.4 and
3485⫾ 1 meV. The relative increase in intensity of these
higher energy lines with temperature with respect to the line
at 3470.0 meV allows us to attribute them to free excitons A
共FXA兲 and B 共FXB兲, respectively. The peak at 3470.0 meV is
then readily assigned to the so-called I2 recombination of
A-exciton bound to a neutral donor 共D ° X兲. As already
noticed,6 these energies for bound and free exciton transitions correspond to fully unstrained GaN,17 which seems
contradictory with the somewhat large linewidths 关full width
at half maximum 共FWHM兲 of ⬃5 meV, typically兴 observed.
We will comment later in this work that these linewidths may
have an intrinsic origin, not related to strain. Due to these
linewidth values, it is difficult to assign the I2 line to a specific donor 共Si or O兲. Nevertheless, we assume that the dominant donor be silicon,18,19 given the nature of the substrate.
In fact, between lattice temperatures of 15 and 45 K, due to

TABLE I. Characteristics of the GaN NC samples, including the average radii measured by SEM and the intensities and decay times measured by TR-PL. The
results of the fitting procedure by our two-zone 共core-shell兲 modeling are given in the last five columns.
Samples

Expt. results

Name

Si substrate

Radius
共nm兲

m988
m1006
m1253
m1254

共111兲
共111兲
共111兲
共100兲

15⫾ 3
24⫾ 4
25⫾ 4
34⫾ 5

=

II2共0兲
ITES共0兲
1.1
2.2
1.9
8.6

Calc./Fitting

PL共I2兲
共ns兲

PL共TES兲
共ns兲

␣

2共s兲
共ns兲

2共c兲 = 50⫻ 1共c兲
共ns兲

1共c兲
共ns兲

1共s兲
共ns兲

0.12⫾ 0.02
0.16⫾ 0.02
0.15⫾ 0.02
0.20⫾ 0.02

0.41⫾ 0.02
0.32⫾ 0.02
0.34⫾ 0.03
0.37⫾ 0.02

0.17
0.40
0.35
0.57

0.5
0.4
0.4
1.0

5.1
6.9
7.0
9.5

0.10
0.14
0.14
0.19

2.8
1.5
1.6
0.6
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FIG. 2. Evolution with temperature of the TI PL spectrum of sample m1253,
in the excitonic region. The logarithmic scale permits the observation of free
exciton transitions, at 3.477 and 3.485 eV. Segments and dashed lines are
guides to the eyes, emphasizing, for instance, the double structure of the I2
line.

less efficient thermal detrapping of the exciton, a second line
appears on the low-energy side of the main I2 line that certainly relates to a deeper donor.
Concerning the 3448.5 meV, the evolution of its intensity with temperature follows that of I2, confirming its excitonic nature. Moreover, since the LO-phonon energy in GaN
is 91 meV,20 this line cannot be assigned to a LO-phonon
replica of excitonic lines. Weak E2-phonon-assisted replicas
are sometimes observed 17.6 meV below the I2 line,20,21
which is far from the energy separation of 21.5⫾ 0.3 meV
between the I2 and 3448.5 meV lines.
The origin of the 3448.5 meV transition is yet to be
ascertained, in spite of several PL studies carried out on similar types of structures.6,22,23 The position of this line relative
to the I2 line coincides with the so-called two-electron satellites 共TES兲 of the donor-bound exciton line, in agreement
with several reports.17,19,21,24,25 Contrary to Ref. 23, we discard the possibility that this line corresponds to the so-called
Y 1 transition assigned to inversion domains in N-face GaN,26
although it is well known that MBE growth may result in
N-face GaN. As a matter of fact, recent studies by convergent beam electron diffraction have established that GaN
NCs, grown by us or other groups by MBE, do grow with Ga
polarity.27,28 In addition, high-resolution transmission electron microscopy measurements have established that our
NCs contain no extended defects 共Fig. 3兲, thus no inversion
domains. Finally, the energy position of the line we observe
here does not show any energy shift with the excitation density 关see Fig. 9b in Ref. 6兴, unlike what is reported for the Y 1
line.26 Therefore, we assign the 3448.5 meV luminescence to
the TES.
As a reminder, the origin of the TES is a kind of Auger

FIG. 3. Cross-sectional TEM image of a GaN NC epitaxially aligned to the
Si共111兲 substrate.

process, internal to the neutral donor-bound exciton. In this
process, upon recombination of one electron with the hole,
the remaining electron is promoted to some excited state of
the neutral donor. In other words, the I2 line results from the
following recombination:
°
+ h  I2 ,
D ° X共0兲 → Dn=1

共1兲

where D°X共0兲 stands for the ground state of the donor-bound
°
denotes the final state of the transition,
exciton and Dn=1
which is here the ground state 共1s兲 of the neutral donor.
However, there is some probability that the neutral donor be
left in one excited state 共n = 2, 3, etc.兲, giving rise to the TES
lines,
°
D ° X共0,a,b,c. . .兲 → D共n=2,3,.
. .兲 + hTES ,

共2兲

where 0 , a , b , c , . . . stands for the ground and so-called rigid
rotational excited states21,29–33 of the D°X complex and n
= 2 , 3 , . . ., represents the different possibilities for the principal quantum number of D° final state. It is important to remark that the relative probabilities of the different recombination channels are very sensitive to the symmetries of both
the initial and final states, as recently demonstrated by the
detailed spectroscopic study of high-quality GaN.21 In particular, the final state can be a p-state of the neutral donor,
toward which the recombination is favored if the initial state
is the first excited state 共a-state兲 of the D°X. Such excited
states of the D°X in GaN have been studied both
experimentally29,31,32 and theoretically,33 being of great importance to explain the temperature dependence of TESrelated PL spectra.21 Indeed, when the temperature is raised
above typically 5 K, the thermal population of excited states
共e.g., the a-state兲 of the D°X makes the transition to the 2p
state of the D° more probable than the transition to the 2s
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FIG. 4. 共Color online兲 Evolution with time of PL spectra at T = 8 K of
samples m1253 and m1254. The domination at short delays of the I2 line is
stronger for sample m1254. From the high-energy side of the spectrum, we
estimate a carrier temperature of 35 K, at short delays, then slightly decreasing with time.

state. This results in the dominance of the so-called D ° X
共a兲 : 2p transition lying 1.3 meV above the D ° X共0兲 : 2s.21
As a rough approximation, the energy difference between the I2 and TES transitions should be close to the en°
ergy difference between the first excited Dn=2
and ground
°
Dn=1 of the neutral donor since the initial states of D°X are
either the same or extremely close in energy. Following the
hydrogenic effective-mass approximation,34 the TES and I2
lines are therefore separated by 3/4 of the donor binding
energy. In our case, the separation of 21.5 meV, multiplied
by 4/3, yields the effective-mass donor binding energy of
28.7 meV, which is very close to the one commonly reported
for GaN.17 This supports our assignment and is quite consistent with the true binding energies for Si and O donors
which, accounting for anisotropy of the material, are rather
of 30.4 and 33.2 meV, respectively.21
In the present experiments, the sample temperature was
set to 8 K, but the analysis of the high-energy part of the TR
spectra 共Fig. 4兲 indicates an electronic temperature of 35 K,
in this case. Following the work of Paskov et al.,21 we should
therefore expect the TES to be dominated by a D ° X共a兲 : 2p
共or even higher excited兲 transition. The measured energy
separation of 21.5 meV is then compatible with a
Si° XA共a兲 : 2p transition and consequently with an I2 line
dominated by the Si° XA : 1s transition. We then tentatively
ascribe the weak line that appears on the low-energy side of
the I2 line between 15 and 45 K to the O ° XA : 1s transition.21
In spite of these assignments, two points remain to be

explained: 共i兲 the above-mentioned large linewidths, unusual
for such a high-quality unstrained GaN and 共ii兲 the unusually
high relative intensity of the TES line, in comparison to the
I2. As a matter of fact, the intensity ratio between I2 and the
TES in GaN compact layers is quite commonly of the order
of 100 共Refs. 17 and 29兲 or 30–50,21 depending on the donor
involved. In our samples, the TI- 共or continuous wave兲 PL
intensities of these lines show, instead, a ratio comprised
between 0.7 and 6. From the TR-PL experiments 共see Table
I兲 these ratios at t = 0 range between 1 and 9, typically. We
propose below that these two features are both related to the
NC geometry of our structures, through surface-related effects.
First, we observe for both I2 and TES a typical FWHM
of 5 meV. Yet, the studied samples exhibit a very high crystalline quality and are unstrained.8 Since these structures
present a large surface-to-volume ratio, we believe that surface effects have to be taken into account. To support this
suggestion, we remark that the energy and the wave function
of the n = 1 level of a donor are indeed perturbed if the donor
and the surface are separated by less than the donor Bohr
radius, aD 共3 nm for GaN兲. Ideally, if the donor is placed at
the surface of a solid,35 the effective Rydberg energy is reduced by a factor of 4. Then the wave function for the
ground state is equivalent to a 2p state with a single probability lobe elongated perpendicular to the surface. Without
calculation, we understand that n = 2 states, having a radial
envelope function decreasing like exp共−r / 2aD兲, will be affected when the nucleus approaches the surface by typically
less than ⬃2aD, i.e., ⬃6 nm in GaN.
The same reasoning stands for the D ° X complex: the
influence of the surface will be significant for a donor-tosurface distance smaller than the typical values for electronnucleus and hole-nucleus distances. Suffczynski and
Wolniewicz36 calculated these distances in units of aD, as a
function of the ratio of electron and hole effective masses.
For GaN, the hole dispersion relation is anisotropic and
mⴱe / mⴱh is comprised between 0.2 and 0.4,37,38 which allows
us to estimate, for the D°X ground state, the average distance
of the hole 共of any of the two electrons兲 to the donor nucleus
as 具rh典 = 6.3⫾ 0.7 nm 共具re典 = 3.7⫾ 0.1 nm兲. The interelectron
average distance is estimated at 具r12典 = 6.7⫾ 0.3 nm.
According to these values, when the donor nucleus lies
within a surface layer some ⬃7 nm thick, the energies of the
ground and excited states of the D°X and of the D° are
modified. Therefore, since the donor positions are statistically distributed in this surface layer, the transition energies
involving these donors are necessarily distributed too. For
NCs with a radius of 15 nm 共30 nm兲, the volume of this
surface layer constitutes 71% 共41%兲 of the total volume.
Thus, the random distribution of donor sites could be an
intrinsic origin of the broadening of all PL lines involving
donors. Notice that in a typical PL experiment on GaN compact layers, the penetration depth of the excitation laser is
about 100–200 nm, thus reducing the surface-layer volume
to 3%–7% of the overall probed volume.
Concerning the unusually intense TES lines, we remark
that the same surprising result has been reported for ZnO
nanocolums.39 This suggests, once more, that the proximity
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of donor nuclei from the surface may deform enough the
D°X and D° envelope functions to perturb profoundly the
relative probabilities of the different allowed transitions. In
other words, we believe that the favored recombination channels of donor-bound excitons depend on the position of the
donors in the columns. A donor situated in the core of the NC
is equivalent to the one in regular epilayers, i.e., the D°X
°
共1s兲 state and seldom
recombines preferentially into the Dn=1
°
into the Dn=2 state. On the other hand, when the donor lies in
the surface layer defined above, the necessary deformation of
envelope functions of all states for the initial D°X and for the
final D° would increase the relative probability of involving
excited states of the donor.
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TR-PL measurements have been carried out in NCs
grown on Si共111兲 and Si共100兲 in order to get a better understanding of the dynamics of the I2 and the TES. In a simple
approach, both TES and I2 are expected to exhibit the same
decay rates:40 Assuming that the initial states are the same
for both transitions, the density of donor-bound excitons
should, indeed, follow:
nD°X共t兲 = n0 exp关− t共1 + 2兲/12兴,

共3兲

where 1 = n=1 and 2 = n=2 are the decay times for the processes involving the 1s and the 2s / 2p states of the donor,
respectively. Higher excited states of the neutral donor
should also be considered as possible final states, and Eq. 共3兲
can easily be generalized to that case, without changing the
fact that all lines should, in principle, follow the same dynamics. The situation is in fact more complex because the
favored initial states 共rotator excited states兲 for the various
observed transitions may not be exactly the same, for the 2s
and 2p final states. In addition, even when the initial states
are the same, Paskov et al.21 observed that the TES
共D ° X : 2s兲 shows a slower decay than the I2 共D ° XA : 1s兲 line.
They attributed this unexpected behavior to the possibility of
different sites for the donor nucleus, where the respective
dynamics of TES and I2 lines could be different.
In our NC structures we also observe that the apparent
decay PL共TES兲 of the TES luminescence is always slower
than that of I2, which we denote PL共I2兲 共see Table I, Figs. 4
and 5兲. This is why the PL signal of the TES dominates the
spectrum after a few hundreds of picoseconds, for sample
m1253. However, this results not only from a slower decay,
but also from the strong relative intensity of the TES line at
short delays. The decay dynamics observed here are somewhat faster than those reported, e.g., in Ref. 21. Similar to
previous reports for high-quality GaN epilayers,25 the free
exciton decay is fast and nonexponential in our NCs. There
is a clear correlation between its initial decay rate and the
rising dynamics of the I2 and TES lines. The slower the free
exciton dynamics 共e.g., sample m1254兲 the longer the rise
time of the two donor-related excitonic recombinations.
Moreover, after some transient phase, the I2 and XA line
adopt the same recombination dynamics.
The condition for the D°X to show such rise time and
delayed maximum compared to XA is that the capture rate of
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FIG. 5. 共Color online兲 Time dependence of PL intensities of the XA, I2, and
TES transitions at T = 8 K for samples m1253 and m1254. Decay time constants have been obtained by single-exponential fitting of the appropriate
zones. Solid curves are the results of the two-zone 共core-shell兲 model.

excitons by donors is faster than the D°X decay. Then, the
fact that the two decays 共XA and D°X兲 are perfectly parallel
suggests that bound and free exciton states are thermalized.
This means that thermal energy is sufficient to permit an
instantaneous exchange of carriers between the two states.
The actual temperature of 35 K is compatible with this hypothesis, yielding a thermal free-to-bound exciton population
ratio of 10%.
Concerning the main topic of this paper, i.e., the related
dynamics of the I2 and TES lines, it is clear 共Fig. 6兲 that their
initial states, when not identical, are thermalized, for T
= 35 K, being separated by ⬃1 meV.30–32 Therefore, their
respective radiative lifetimes should control their instantaXA

localization
Si°XA(a)
Si°XA(0)
TES (3449)
I2 (3470)

XA (3477)

Si°(2p)
Si°(2s)

0

Si°(1s)
Neutral donor bound exciton

Free exciton

FIG. 6. Schematic view of the different excitonic transitions involved in our
study. Energies are expressed in meV. The energy difference between
Si° XA共a兲 and Si° XA共0兲 states is of the order of 1 meV 共Refs. 25–27兲.
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neous intensity ratio at t = 0, but their time decays should in
principle be parallel. Since the latter is not observed, we
propose a model involving two regions of the NCs having
quite different intrinsic characteristics.
V. MODELING AND DISCUSSION

This approach is inspired by the suggestion of Paskov et
al.21 that the intrinsic characteristics of D ° X → D° transitions may depend on the donor position. This is here justified
by the fact that we know that the wave functions of D°X and
D° states will strongly depend on the position of the donor
nucleus along the radius of the NC. Therefore we choose to
define two regions: a core 共c兲 and a shell 共s兲, where the
relative probabilities of the I2 and TES transitions differ substantially. Actually the situation is certainly more complex,
with some progressive variation of properties from the core
toward the surface of the NC, and thus we should consider
the following model as qualitative.
We write separately the rate equations for the populations of D°X located in the core and in the shell of the NC.
We call ␣ the volume fraction occupied by the bulklike core
共c兲 of the NC, where the D ° X → D° recombination is the
same as in good quality bulk GaN. On the other hand, the
D°X and D° states are affected by the surface in the shell 共s兲
region defined by the volume fraction 共1 − ␣兲. For example,
for a NC with radius of 30 nm and assuming a shell layer
thickness of 7 nm, we find ␣ = 0.59. In both regions, the time
decay of D°X density follows Eq. 共3兲 but with different values of 1 = 1s and 2 = n=2, for the 共c兲 and 共s兲 regions. Again,
we have restricted the model to n = 2 states, for simplification.
In our low-temperature experiments, increasing the
surface-to-volume ratio of NCs does not induce any decrease
in the emission intensity. We therefore conclude that, if enhanced surface-related nonradiative recombination would
take place, it would equally affect the dynamics and intensities of both core and surface regions. For the present donorbound excitons 共essentially localized兲 and given the low temperature, we therefore neglect nonradiative recombination in
our model.
The intensities of I2 and TES for the whole NC are given
by the weighted sums of contributions from the core, with
weight ␣, and from the shell, with weight 共1 − ␣兲. These contributions for each region are given by
II2共c,s兲共t兲 ⬀ 关1共c,s兲兴−1 exp关− t/eff共c,s兲兴,
ITES共c,s兲共t兲 ⬀ 关2共c,s兲兴−1 exp关− t/eff共c,s兲兴.

共4兲

In Eq. 共4兲, the same decay times eff共c,s兲 are taken for the
TES and I2 transitions, according to the above remark that
their initial states are thermally indistinguishable, if not identical. Nevertheless, the instantaneous intensities of these
transitions are related to two different radiative decay times.
For bulk GaN, the TES is about 50 times less intense21 than
the I2. We thus can limit the number of adjustable parameters
by setting the ratio of radiative lifetimes, for the core region
to  = 2共c兲 / 1共c兲 = 50. However, this value corresponds to the
ratio measured at T = 2 K in Ref. 21 for Si donors in a high-

quality GaN epilayer. For the present T = 35 K, in the presence of both Si and O atoms, a larger variety of initial and
final states are involved in the observed TES recombinations
and we know21 that the relative probabilities of the different
TES contributions are therefore drastically affected. Consequently,  should in principle be affected, too, but here it was
kept constant, for simplification.
In the NCs, the intensity ratio between I2 and TES is
much smaller than in bulk GaN, which suggests that the TES
PL contribution mainly arises from the shell region. Then,
the apparent decay rate of the TES line can be approximated
by

PL共TES兲 ⬇ eff共s兲 = 1共s兲2共s兲/共1共s兲 + 2共s兲兲,

共5兲

and we can simplify the intensity ratio, at t = 0, between the
I2 and TES lines,

=

II2共0兲
ITES共0兲

⬇

2共s兲

冉

冊

1−␣
␣
+
.
1 − ␣ 1共c兲 1共s兲

共6兲

As shown in Figs. 4 and 5 and in Table I, we have
experimental values for this ratio, as well as for the effective
PL decay times for the TES. The time decay of the I2 line is
slightly nonexponential, but we can measure a time constant
at short delay, also reported in Table I for all samples. Starting from these experimental data and using the approximations in Eqs. 共5兲 and 共6兲, we calculate the time evolution of
the overall D°X population and of the intensity of I2 and TES
lines. For this simplified model, the solution is analytical and
both decays are biexponential,
II2共t兲 = ␣共1共c兲兲−1exp共− t/A兲 + 共1 − ␣兲共2共c兲兲−1exp共− t/B兲,
ITES共t兲 = ␣共1共s兲兲−1exp共− t/A兲 + 共1 − ␣兲共2共s兲兲−1exp共− t/B兲.
共7兲
with decay times A and B given by

A =

冋 冉

冊

1
1
1
1
␣
−
+
+
1 − ␣ 1共c兲 2共c兲
2共s兲 1共s兲

B = eff,共s兲 = 1共s兲2共s兲/共1共s兲 + 2共s兲兲.

册

−1

,
共8兲

By using Eqs. 共7兲 and 共8兲, we can fit the experimental
decays and therefore extract relevant values for parameters
of interest, namely, 1共c兲, 2共c兲, 1共s兲, 2共s兲, and ␣. In Fig. 5,
solid lines show the best fitting calculated curves for samples
m1253 and m1254. The values of the fitting parameters are
gathered in Table I, for all samples.
The quality of the fitting is satisfactory, given the simplicity of the model. This confirms that we can simultaneously describe the different decay dynamics, as well as the
intensity ratios of the TES and I2 emission lines, by accounting for the existence of core and shell regions. The different
decay times resulting from the fitting do not present, however, the same degree of uncertainty: “dominant” times, such
as 1共c兲 and 2共s兲 are necessarily very close to the experimental decay times PL共TES兲 and  PL共I2兲, respectively, and they
are therefore estimated rather accurately. On the other hand,
2共c兲 and 1共s兲 present a much larger uncertainty, being “non-
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dominant” and because of the strong hypothesis of the fixed
ratio 1共c兲 / 2共c兲. For this reason 1共s兲 / 2共s兲 is determined with
poor accuracy. Therefore it is difficult to compare it with its
counterpart in the core region and to discuss its apparent
variation with, e.g., the NC diameter, especially considering
the simplicity of the two-region model and approximations
such as Eq. 共6兲.
It seems interesting to compare our fitting decay times in
the core region 共see Table I兲 with those measured, e.g., by
Paskov et al.21 for a high-quality GaN epilayer. The present
1共c兲 and 2共c兲 are clearly shorter, which can be related to the
temperature of 35 K that we estimate. Indeed, as shown by
Eq. 共3兲, including more allowed recombination channels 共by
thermal excitation, here兲 necessarily shortens the effective
decay time of D°X population. By the way, it is difficult to
know if we should compare our 1共c兲 共typically 0.2 ns兲 to the
value of ⬃0.5 ns measured for I2 in Ref. 21, or if it is our
2共c兲 共typically 1 or a few nanoseconds, with large uncertainty兲 that should be compared to the 1.1 and 1.8 ns,
measured,21 respectively, for SiXA : 2s and OXA : 2s transitions since, as mentioned in Ref. 21, these different dynamics
precisely correspond to different donor sites.
In summary, we prefer to consider that the nondominant
fitting characteristic times do not vary substantially nor monotonously among the four samples. Rather than being free
parameters, they are related to dominant times by strong constraints imposed to the model: 1共c兲 has to be close to the
overall decay time measured for II2, and 1共s兲 and 2共s兲 are
related to the experimental decay time of the TES by Eqs. 共5兲
and 共8兲. Nevertheless, the core and shell time constants are
not independent because of the constraint on the intensity
ratio given by Eq. 共6兲.
This ratio is measured with high precision in our experiments and, in Eq. 共6兲, it mainly involves the dominant times
1共c兲 and 2共s兲 together with the volume-fraction parameter ␣.
This is why, instead of imposing a value for ␣, we used it as
a fitting parameter, necessarily estimated with a good accuracy. We found that ␣ generally increases with the average
NC radius. Despite the very large size dispersion of the NCs
and the crudeness of the model, this trend is quite clear.
Given the measured NC radii, the obtained values for ␣ are
compatible with a shell layer thickness in the range of 8–9
nm, which compares quite well with the 7 nm estimated
above, considering typical D°X or D° state radii.
The consistency of these results supports our interpretation based on the sensitivity of D°X internal properties to the
vicinity of the NC surface. According to our results, the symmetry breaking induced by this vicinity favors the so-called
two-electron transitions to the detriment of to the usually
dominant I2 line. Far beyond the scope of the present experimental study, a donor-site dependent model of energies and
wave-functions of D°X and D° states in realistic NCs should
be developed to ascertain completely this interpretation.
VI. CONCLUSION

In summary, we have studied in detail the excitonic PL
of GaN NCs grown on silicon substrates. Substrate orientation did not show any significant effect on the optical prop-

erties of the NCs, which exhibit free and donor-bound exciton lines. The latter is accompanied by TESs that are
unusually intense. We have shown that this intensity increases when the NC average radius decreases. Moreover,
the TES recombination dynamics is unexpectedly much
slower than the dominant donor-bound exciton recombination. To explain this result, we have developed a core-shell
model that relies on donor position dependent dynamics of
the two principal donor-related excitonic transitions. The
good agreement obtained between the model and experiments confirms that the smaller the NC radius, the larger the
average influence of the surface on excitonic transitions. We
believe that this influence manifests itself through the alteration of the wave functions of the D°X and D° states involved. This simultaneously explains slight fluctuations in
energies—thus large linewidths—and modified relative probabilities for the I2 and TES recombinations. Thorough calculations of all quantum states of D°X and D° as a function of
the distance to the NC surface are needed to quantitatively
support our conclusions.
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