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By using transmission electron microscopy on as-grown and annealed GaInNAs/GaAs
heterostructures, we demonstrate that annealing induces a correlated behavior of both In and N
species within the GaInNAs quantum well. While no intermixing occurs, the analysis of the strain
situation reveals that the main driving force for the observed inward diffusion is not composition
gradients at the interfaces, but local strain fields. This mechanism leads to the improvement of the
photoluminescence 共PL兲 properties and to the blueshift of the PL peak. © 2004 American Institute
of Physics. 关DOI: 10.1063/1.1690108兴

Dilute 共Ga,In兲共N,As兲 nitrides have recently received
large experimental and theoretical interests because of their
particular optical properties1 and their possible application in
GaAs-based long-wavelength optoelectronic devices.2 However, the incorporation of N into 共Ga,In兲As often leads to the
deterioration of optical properties,3 along with a degradation
of the structural properties 共composition fluctuations4 or
phase separation5兲. Different strategies of post-growth annealing have been demonstrated to improve the photoluminescence 共PL兲 efficiency, yet resulting in an undesirable
blueshift of the PL emission.6 – 8 Two distinct mechanisms
were proposed as origin of the blueshift. One relies on the
diffusion of N out of the 共Ga,In兲共N,As兲 quantum well 共QW兲
and/or a Ga/In intermixing at the QW interfaces.4,6,7 On the
other hand, theoretical studies have shown that the atomic
configuration in a compound semiconductor can strongly affect its optical properties.9 It has thus been proposed that the
blueshift arises from a bonding reorganization within the
Ga1⫺x Inx Ny As1⫺y layers.10 These conclusions were, however, drawn from indirect spectroscopic measurements.
In this letter, we present direct experimental evidence for
In and N redistributions in Ga1⫺x Inx Ny As1⫺y QWs upon annealing by using transmission electron microscopy 共TEM兲.
We demonstrate that diffusion and local rearrangement happen simultaneously during annealing of Ga1⫺x Inx Ny As1⫺y
layers. However, the diffusion process does not tend to homogenize the whole structure 共i.e., towards the suppression
of the QW兲 nor induce a phase separation. On the contrary, it
results in a homogeneous and nearly ideal composition profile of the QW, maintaining the interface sharpness.
The nominal In0.37Ga0.63N0.035As0.965 QWs were grown
on 共001兲 GaAs substrates by solid-source molecular-beam
epitaxy equipped with an Addon rf plasma source for N. A
29-monolayer 共ML兲-thick Ga1⫺x Inx Ny As1⫺y QW and 10 ML
GaAs barriers were grown at ⬃420 °C. The remaining GaAs
top barrier layer was grown at 580 °C, which affects our
as-grown state by a self-annealing process.11 Nevertheless,
a兲
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we focus here on the changes that occur upon ex situ annealing at our optimum conditions for the PL properties.12 The ex
situ annealing was therefore carried out in a conventional
way under N ambient at 680 °C for 1 h. The PL measurements were performed using the 488 nm line of an Ar laser
and a Ge detector. Cross-sectional TEM foils were prepared
from the as-grown and annealed samples in both 关110兴 and
关11̄0兴 projections, using mechanical polishing followed by
Ar-ion milling. The In and N composition distributions along
the growth direction were determined using the contrast
analysis of 共002兲 dark-field images combined with highresolution 共HR兲 TEM, carried out in a JEOL 3010 microscope equipped with a GATAN CCD camera.
Room- and low-temperature PL spectra of the sample
before and after annealing are shown in Fig. 1共a兲. It is obvious that annealing affects the PL as expected for
Ga1⫺x Inx Ny As1⫺y QWs: there is a strong enhancement of
the radiative efficiency as well as a blueshift of about 30
meV. Note that emission above 1.5 m 共⬃0.821 eV兲 is still
observed at 300 K. The PL efficiency in this wavelength
range is strongly dependent on the structural quality of the
layer; the highest efficiency is achieved for a perfect twodimensional 共2D兲 morphology of the QW.13 Figures 1共b兲 and
1共c兲 display the comparison between 共002兲 dark-field TEM
images of the QWs before and after annealing. The 共002兲
dark-field intensity depends on the difference of the atomic
scattering factors of the elements III and V.14 The diffracted
intensity I 002 is therefore sensitive to the chemical composition of the alloy. In the case of our quaternary system, a
possible combination of the In and N content can generate
I 002⫽0 near the interfaces. The minimum of intensity occurs
during the rising of the In content at the interface. This is the
origin of the parallel dark lines defining the QWs, as observed in Figs. 1共b兲 and 1共c兲. In the lateral direction, the
as-grown sample exhibits a rather homogeneous contrast inside the QW 关Fig. 1共b兲兴. In fact, the fluctuations averaged
over 100 nm slightly increase in the Ga1⫺x Inx Ny As1⫺y QW
共standard deviation of ⬃8.5%兲 compared to the GaAs barriers 共⬃6.5%兲. The absence of strong contrast fluctuations indicates small 关In兴 and 关N兴 variations along the in-plane di-

0003-6951/2004/84(14)/2503/3/$22.00
2503
© 2004 American Institute of Physics
Downloaded 22 Oct 2004 to 62.141.165.14. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

2504

Appl. Phys. Lett., Vol. 84, No. 14, 5 April 2004

Chauveau et al.

FIG. 1. 共a兲 PL spectra taken from the as-grown 共dotted lines兲 and annealed
共solid line兲 sample at 13 and 300 K. 共002兲 dark-field TEM images of asgrown 共b兲 and annealed 共c兲 QW. The dark lines result from a combination of
In and N for which the diffracted intensity is zero. The Ga1⫺x Inx Ny As1⫺y
QW is located between these lines. The growth direction is from the bottom
to the top of the image.

rection on this scale.4,15 Moreover, after annealing, no
increase of the contrast fluctuations occurs 关Fig. 1共c兲兴, denoting the absence of any phase separation. Additionally, the
thickness of the QWs does not fluctuate along the lateral
direction, indicating perfect 2D growth with excellent interface quality, with no qualitative changes after annealing. As a
consequence, the changes in PL properties are not related to
strong structural modifications on a ‘‘large scale.’’
In order to quantitatively and locally determine the 关In兴
and 关N兴 profiles along the growth direction, a complementary
measurement is required.16 A coherent strain induces displacements of the atomic column positions, related to the
tetragonal distortion. The displacements were measured from
HRTEM images. Figure 2 displays the local strain calculation from the as-grown sample using the LADIA program
package.17 The strain map confirms straight QW interfaces
with a roughness of only a few ML. Moreover, no strong
lateral strain variations are detected in this sample, which is
consistent with the observations in 共002兲 dark-field. The lat-

FIG. 3. In and N concentration profiles deduced from the combination of the
dark-field intensity and the lattice parameter measurements for the as-grown
共a兲 and annealed 共b兲 QW.

tice parameter in the growth direction (a⬜ ) was deduced
from the analysis of the local displacements and is shown in
inset of Fig. 2. In order to increase the accuracy of the measurement, the profile of a⬜ was averaged on a lateral length
of 20 nm. The combination of the lattice parameter and the
dark-field intensity compared to the simulated data gives an
unambiguous measurement of In and N content as a function
of depth.
Figures 3共a兲 and 3共b兲 represent composition profiles of
关In兴 and 关N兴 obtained from the as-grown and the annealed
samples, respectively. Before annealing 关Fig. 3共a兲兴, the 关In兴
and 关N兴 profiles exhibit an asymmetric and inhomogeneous
element distribution in the QW, but with sharp interfaces.
The In concentration in the growth direction increases up to
36.5%, while the average value is about 35% inside the QW.
This indicates that In surface segregation occurs in
Ga1⫺x Inx Ny As1⫺y even at the low growth temperatures used
in this work. The 关N兴 profile exhibits a more complex shape
with, in particular, a strong increase of the N content at the
interfaces 共⫹1.5% compared to the center of the QW兲. This
arises from the growth procedure used for this sample. Indeed, nitrogen can be adsorbed on the surface and subsequently incorporated during the time necessary for stabilizing the N plasma cell at the lower interface, and for
switching off the plasma and the N flux at the upper interface. Note that a high amount of N at the interfaces could
have a strong influence on the carrier injection due to the
existence of nonradiative defects related to N. Annealing
clearly leads to the homogenization of the 关In兴 and 关N兴 distributions within the QW in the growth direction, while the
QW width is constant 共9.5 nm兲 关Fig. 3共b兲兴. In addition, the N

FIG. 2. Vertical strain distribution obtained with the LADIA program package
from HRTEM image taken from the as-grown sample. The lattice parameter
measured along the growth direction is shown in inset.
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It should be pointed out that the diffusion mechanism
strongly depends on the initial state of the as-grown sample.
Indeed, large compositional fluctuation are related to high
defect concentrations20 and the consequential interface
roughness is a favorable source for QW intermixing. In this
regard, for QWs with lateral fluctuations of ⫾5% on the In
concentration, as observed by Albrecht et al.,4 the related
local strain fluctuations will interfere with the process of N
and In diffusion within the QW, and may generate an additional interdiffusion, in contrast to what we observe here.
Finally, the observed correlation between 关In兴 and 关N兴 confirms the alloy stability of GaInNAs due to the strong In–N
bond.21 The diffusion behavior at this temperature depends,
thus, on the amount of In and N but also on the 关In兴/关N兴 ratio
and the local structure.
FIG. 4. Elastic strain energies calculated from the profiles. The energy is
normalized to the maximum value reached for the as-grown QW. The difference of the strain energy between as-grown and annealed is shown.

concentration at the interface decreases, whereas it increases
in the center of the QW from 3.4% to 3.8% after annealing.
Moreover, the integrated areas under the 关In兴 and 关N兴 profiles
are constant. This confirms a posteriori that the sample was
homogeneous on a large scale.
Our results thus demonstrate that no interdiffusion of N
nor In is detected between the QW and the barrier during
annealing, despite the highest gradients of composition at the
QW/barrier interface. In contrast, during annealing, both species diffuse inward the QW in order to homogenize the compositions and generate nearly perfect QW profiles. Finally,
the In and N displacements are strongly correlated, since In
atoms do not diffuse from the QW into the barrier as it does
upon annealing N-free GaInAs/GaAs heterostructures.18 The
driving force for this diffusion behavior within the QW may
then be related to the reduction of the local strain generated
by the large differences in atomic radii between Ga and In,
and between As and N.
Furthermore, the reduction of the local strain can affect
the total elastic strain state within the QW. Figure 4 shows
the calculated average elastic strain energy E  before and
after annealing as well as the difference of E  deduced from
the composition profiles. E  is a quadratic function of  关 
⫽(a GaAs⫺a InGaNAs)/a InGaNAs兴 and depends on the thickness
and the elastic constants.19 The Ga1⫺x Inx Ny As1⫺y QW is in
a purely pseudomorphic state. We can then consider the QW
as a multilayer system with different In and N compositions,
each layer having a constant in-plane parameter. E  is calculated at every virtual layer. For clarity, E  is normalized to
the maximum strain energy reached before annealing. The
local rearrangement of the N and In atoms within the QW
leads to a strong reduction of the total strain energy inside
the QW 共up to 30%兲, despite a small increases at the interfaces. Finally, this reorganization within the QW affects the
N bonding configuration. Since the N atoms diffuse from
interfaces 共i.e., Ga-rich area兲 to an In-rich area in the center,
the probability to create an In-rich environment for N atoms
is increased. This results in a thermodynamically more stable
distribution,10 which can furthermore be responsible for the
blueshift of the PL emission.9
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