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Mechanism of GaN quantum dots capped with AIN: An AFM, electron microscopy,
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Capping of GaN quantum dots with AIN has been studied at the monolayer scale by combining atomic force
microscopy, high resolution electron microscopy, and grazing incidence x-ray anomalous diffraction. Consis-
tent with the results provided by these three techniques, it has been demonstrated that, following a wetting of
the dots by an AIN layer up to 4 ML coverage, subsequent capping is dominated by a preferential AIN growth
in between the dots, eventually resulting in a complete smoothing of AIN. Interdiffusion has been shown to be
negligible during this process, which makes the GaN/AIN system unique among semiconductors.
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I. INTRODUCTION

Quantum dots (QDs) of semiconductors have been a sub-
ject of constant interest for several decades due to their spe-
cific physical properties. In particular, the small size of QDs
makes them relatively insensitive to the structural defects of
the surrounding matrix, leading to remarkable optical prop-
erties. Noticeably, carrier confinement in QDs often results in
an absence of photoluminescence quenching at room tem-
perature (or in a reduced one), which makes them promising
candidates for the active region of highly efficient light emit-
ting diodes (LEDs).

The practical realization of devices implies capping of the
QDs by barrier material. Actually, this simple operation may
drastically modify the morphology and/or the optical proper-
ties of the QDs. Depending on growth conditions, capping of
QDs may result in either an increase or a decrease of their
size, which results from specific chemical reactions at the
interface such as, for instance, dot/barrier interdiffusion in
the most studied case of InAs QDs capped by GaAs or AlAs
(Refs. 1-6) or enhanced migration in the case of Si/Ge
system.”10

As far as GaN/AIN system is concerned, which is the
most recent member of the family of self-assembled QDs
system,'! it has been demonstrated that capping of GaN QDs
by AIN results in a size decrease due to atomic vertical ex-
change between Ga and Al, driven by the greater thermody-
namic stability of AIN compared to GaN.!? It has to be noted
that this process is limited to two monolayers (ML) and is
not thermally activated. Actually, the AIN/GaN system pre-
sents the remarkable characteristics of being almost insensi-
tive to interdiffusion,'® which makes it of particular interest
for studying capping-induced strain in QDs.

Changes in the QD strain state are expected for every
system, due to the lattice mismatch between QD and capping
barrier, possibly complicated by interdiffusion (and therefore
changes in chemical composition) in both QD and barrier. In
the particular case of GaN QDs, the optical properties of
which are dominated to a large extent by the presence of a
piezoelectric field,'* capping-induced strain changes are of
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drastic importance. It has been previously demonstrated that
vertical arrangement of dots may be observed, depending on
the thickness of AIN spacers between successive planes of
GaN QDs."> As recently put in evidence by quantitative
analysis of transmission electron microscopy pictures, the
driving force of this mechanism is the strain exerted by GaN
QDs on the surrounding AIN matrix.'> Raman'® and x-ray
diffraction experiments!”~!° have shown that the elastic inter-
action between GaN dots and the surrounding AIN matrix is
complex and depends on the number of stacked QDs planes.

As a whole, in-depth understanding of QDs capping is
necessary to predict their optical properties or to possibly
adjust them: along these views, it is the aim of this paper to
analyze in details the case of GaN QDs capped with AIN. In
a recent paper, we have paid particular attention to the strain
state of capped GaN QDs and also presented preliminary
results indicating that the AIN capping of the dots followed a
two-step mechanism.'” Following this previous work, it is
our goal to examine here in details the AIN capping mecha-
nism at the monolayer scale. For this purpose, we have used
a combination of complementary experimental techniques,
namely atomic force microscopy (AFM), high resolution
electron microscopy (HREM), and x-ray anomalous diffrac-
tion. We will show that a two-step capping process takes
place. The first step consists of uniform wetting of GaN QDs
with AIN whereas, during the second one, preferential
growth of AIN in between the dots leads to a rapid smooth-
ing of the capping layer, which was typically achieved in the
present case for the deposition of 14 ML of AIN.

II. EXPERIMENTS

The samples used in this work were grown by molecular
beam epitaxy (MBE). The substrate was commercial
(0001)SiC which was polished by NovaSiC Company. Fol-
lowing standard chemical cleaning, it was introduced in a
MBE machine equipped with Ga and Al effusion cells and
with an rf-plasma cell for active N production.

After deposition of a thin AIN buffer layer (about 5 nm),
GaN QDs were grown using the modified Stranski-

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.195302

CORAUX et al.

FIG. 1. (Color online) AFM images of GaN dots progressively
capped by AIN. (a) Uncapped, (b) 4 MLs AIN, (c) 11 MLs AIN,
and (d) 18 MLs AIN.

Krastanow (SK) growth mode®® by depositing at 740 °C the
equivalent of 4 GaN ML in Ga-rich conditions. Following
desorption of Ga film under vacuum, GaN QDs were formed
and let evolve during 1 min under vacuum. Next, the dots
were capped with AIN of various thicknesses, namely 2, 4, 8,
11, 14, 18, and 20 ML.

An additional sample was grown, which was specially
designed to fit the requirements of electron microscopy. It
was grown in the same conditions as described above and
consisted of several units of three stacked planes of GaN
QDs embedded in AIN. The last plane of dots of each three-
plane unit was covered with 4, 8, 11, and 14 ML of AIN,
respectively. Next, a 2 ML thick GaN layer, below the criti-
cal thickness for the three-dimensional (3D) island forma-
tion, was deposited before further AIN growth, with the pur-
pose of making the morphology of the thin AIN capping
layer visible. After deposition of this GaN marker layer, AIN
growth was resumed until the complete smoothing of the
surface, before the growth of the next three-plane unit.

A. Atomic force microscopy

Atomic force microscopy experiments in tapping mode
were performed to study the variation of surface morphology
as a function of the AIN capping thickness. Samples were
found to be homogeneous. Statistics were performed by ana-
lyzing an average of 100 dots per sample. Error bars in Figs.
2 and 3 correspond to the standard deviation of the Gaussian
distribution of the experimental data.

As shown in Fig. 1, a progressive change in the surface
morphology is observed, namely a smoothing and a diameter
increase of islands (i.e., QDs plus AIN capping layer) present
on the surface, which is associated with progressive AIN
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FIG. 2. (Color online) (a) height and (b) diameter of the
uncapped/capped GaN islands as a function of AIN capping
thickness.

capping. The statistical analysis of the capped islands is
shown in Figs. 2 and 3. In Fig. 2, their height and diameter
are plotted as a function of AIN capping. No change is ob-
served up to an AIN coverage of 4 ML. Next, further AIN
capping is associated with height decrease and diameter in-
crease, as an evidence of progressive smoothing of the sur-
face. The evolution of the height/diameter aspect ratio is
shown in Fig. 3: it is about 0.08 for uncovered dots and up to
4 ML AIN coverage, then it progressively decreases to about
0.02 for an AIN coverage of 20 ML, showing a dramatic
flattening of the islands.

B. High resolution electronic microscopy

Further understanding of AIN capping process at the
monolayer scale was obtained by performing transmission
electron microscopy (TEM) experiments using the dedicated
sample described in Sec. II, with GaN marker layers visual-
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FIG. 3. rms roughness of the surface as a function of AIN cap-
ping thickness. Note the progressive smoothing above 4 ML AIN
coverage.
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FIG. 4. Z-contrast STEM images showing the capping of GaN
dots with 4, 8, 11, and of 14 MLs AIN. The white line above the
GaN dots and AIN thin layer is the GaN marker which allows one
to observe the morphology variation of AIN as a function of cov-
erage. Note that the distance between the bottom of dots and the
marker at the apex of dots does not depend on AIN coverage in the
studied range.

izing the morphology of the successive AIN capping layers.
Z-contrast images were realized on a FEI Titan microscope
working at 300 kV. A Fishione HAADF detector was used.
Low magnification images were first realized for a general
view of the sample. The main features are observed in clas-
sical Z-contrast images. The results are summarized in Fig.
4, which shows the last GaN dot plane of the four three-unit
stacks. The AIN capping layers have nominal thicknesses of
4, 8, 11, and 14 ML, respectively. The GaN marker layer can
be clearly seen on top of the GaN dots. Superposition of
several dots in the projected TEM image was avoided by
selecting a relatively thin observed area. However, such a
superposition can be detected in the left part of the 4 ML
image of Fig. 4. It is also responsible of the peculiar contrast
in the 8 ML image.

One can see in Fig. 4 that the 4 ML thick AIN layer wets
the GaN dots whereas in the case of the 14 ML thick AIN
capping layer, the bottom part of the GaN marker layer is
nearly flat. Just above the GaN dots, the upper part of the
GaN marker exhibits a slight roughness, precursory of the
two-dimensional (2D)/3D transition. This is consistent with
the fact that the thickness of the GaN marker is just below
the critical thickness for 2D/3D transition.?! However, as a
key feature, it has to be noted that the distance between the
base of the dots and the bottom part of the marker layer at
the apex of the bigger GaN dots does not change with AIN
coverage. This puts in evidence that, after wetting of the dots
with a 4 ML thick AIN layer, subsequent AIN growth pref-
erentially occurs in between the dots. Based on the AFM
data, it is worth noting that 14 ML AIN coverage roughly
corresponds to the quantity of AIN necessary to fill the space
between dots, which presumably depends on the actual den-
sity and size of GaN dots.

More insight is provided by high resolution scanning
transmission electron microscopy (HR-STEM). Figure 5

shows HR-STEM images taken along a (2110) direction. In
addition to the true projection of the atomic columns given
by HR-TEM, HR-STEM images provides a chemical infor-
mation as the signal detected by the annular detector is ap-
proximately proportional to Z% where Z is the average
atomic number of the atomic column and « is a factor equal
to about 2.%2 Actually, the average intensity is also sensitive,
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FIG. 5. HR-STEM images taken along a (2,—1,-1,0) direction.
The white dots correspond to the projection of two adjacent atomic
columns containing respectively N and Ga/Al atoms. The vertical
white box indicates the integration area selected for extracting the
projected profile in Fig. 6(a) GaN dots covered with a 4 ML AIN
layer and a 4 ML GaN marker layer. (b) GaN dots covered with a
14 ML AIN layer and a nominal 4 ML GaN marker layer. The
slight bending of the (0002) planes on the image is due to a small
drift of the sample during the acquisition of the scanned image.

but to a minor extent, to slight crystal disorientation, surface
roughness and surface defect layers created during the TEM
specimen preparation, which prevents from extracting accu-
rate chemical information from the intensity. As a matter of
fact, the intensity variations that occur in the AIN layers
below the GaN dots, as shown in Fig. 5, are likely due to
these effects and not to Ga/Al intermixing. It should also be
noted that the HR-STEM images only give a projection of
the 3D structure. Consequently, it is not sure that the whole
quantum dot is observed and it is furthermore likely that
AlN-related information is systematically present in the im-
age. All these features strongly limit the accuracy of the
quantitative analysis of HR-STEM images. This can be im-
proved by extracting intensity profiles, as shown in Fig. 6.
Noticeably, the tiny oscillations are due to atomic (0002)
planes, which correspond to 1 ML of deposited material, the
average intensity being, as recalled before, mainly a function
of chemicals. The typical uncertainty in such profiles is
slightly lower than 1 ML.

The following trends can be observed in Fig. 6:

(i) The GaN wetting layer in between the GaN dots spans
over approximately 3—4 ML, and the two central ML exhibit

image Intensity (arb. units)

0 25 51 76 101
[0001] direction {nm)

127 152
—_—

FIG. 6. Average intensity profile of HR-STEM images of Fig. 5.
The atomic (0002) planes, corresponding to 1 ML, are seen. The
horizontal arrows show the transition planes between the AIN ma-
trix and the GaN dot. The vertical arrows point out the AIN planes
of the AIN capping layer which is followed by the GaN marker
layer.
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FIG. 7. (Color online) (a) Diffracted intensity measured at four energies across the Ga K edge (10.367 keV), along the [10-10] reciprocal
space direction, labeled in reciprocal space units (r.s.u.) by h. h=3 is the position of the SiC substrate, used as a scale reference. (b) Extracted
modulus of the Ga regions scattered amplitude, as deduced by MAD, compared to the square root of the overall scattered intensity measured

at 10.267 keV. Grazing incidence angle, a,=0.3°.

a richer Ga content. This result is consistent with HR-TEM
studies which demonstrated that the wetting layer extends on
four planes, with a graded Ga composition.??

(ii) The transition between the AIN matrix and the bottom
of the GaN dot also extends on 3—4 ML. This can be
checked on the profiles in Fig. 6, where the four atomic
planes are shown by horizontal arrows. It should be noticed
that the lower and upper horizontal arrows in Fig. 6 are
nearly at the level of the AIN matrix and the GaN dot, re-
spectively, indicating that their chemical compositions are
very close to that of the pure binary material.

(iii) In the 4 ML case, the thickness of the AIN capping
layer is almost constant, independent of position with respect
to the dot. This can be checked quantitatively. At the apex of
the GaN dots, on their lateral sides and above the GaN wet-
ting layer, the measured AIN thickness extracted from the
average intensity profile of HR-STEM images are
0.81 nm=0.1 nm, 0.89 nm=0.1 nm, and 0.7 nm=0.1 nm,
respectively, which strongly suggests a uniform AIN wetting.

(iv) As observed in low magnification STEM images (Fig.
4), the quantity of AIN which is located at the apex of the dot
does not change significantly for the four AIN coverages
which were studied. About 3—4 ML of AIN can be detected
at the apex of the dots.

In Fig. 6, a regular intensity decrease as a function of
position is observed in the GaN dot area. As discussed
above, this results from a projection effect related to the
geometry of the GaN dot and to superposition of the sur-
rounding AIN matrix. The discontinuity at the end of the
sloppy part of the profile can be used to determine the be-
ginning of the AIN capping layer. In the 4 ML profile, three
AIN-rich planes can be unambiguously identified, followed
by a GaN marker layer of about 4 ML, corresponding to the
nominal amount deposited. From average intensity analysis,
an AIN thickness of about 0.8 nm is found (vertical arrows
in Fig. 6). In the 14 ML profile, only two AIN-rich planes
can be detected, but the following GaN marker layer extends
on 7 ML and the AIN thickness extracted from the average
intensity measurement (vertical arrows in Fig. 6), is about
0.9 nm. This thickness is similar to the value of the 4 ML
case. The value of 7 ML for the GaN marker layer at the
apex of the dot presumably originates from a roughening
precursory to the formation of GaN dot. As a matter of fact,

it can be visually checked on Fig. 5 that the GaN marker
layer is thicker at the apex of the GaN dot. Furthermore, as
can be checked in Fig. 4 by comparison with the other cases,
the GaN marker layer thickness in the 14 ML stack is thicker
than the nominal value of 4 ML and is closer to 5 ML.

In summary, HR-STEM images confirm the trends of the
low magnification images and allow one to quantify the
thickness of the different parts of the structure. Note that at
this stage uncertainties lower than 1 ML regarding thickness
are still difficult to achieve.

C. X-ray anomalous diffraction experiments

Complementary information regarding the capping pro-
cess was achieved by means of x-ray anomalous diffraction,
in grazing incidence to enhance the contribution of the dots
and AIN capping with respect to that of the substrate. This
study was performed on a set of 6 of the samples described
above and previously studied by AFM, namely those with an
AIN deposit of 0, 2, 4, 8, 11, and 18 ML, respectively. The
average height and diameter, as determined by AFM were
found to be 3.5 nm and 40 nm respectively. The x-ray mea-
surements were performed at the French Collaborative Re-
search Group beamline BM2 at the European Synchrotron
Radiation Facility (ESRF), using the 8-circles diffractometer
equipment.>*

Due to the small (2.5%) lattice mismatch between GaN
and AIN and the small finite size of the dots, the diffraction
peaks do noticeably overlap in reciprocal space. Moreover, a
simple deconvolution of the GaN and AIN contributions is
impossible because the measured scattered intensity provides
the overall squared scattered amplitude. However, by varying
the scattering power of one element, for instance Ga, it is
possible to localize specifically GaN regions in reciprocal
space. This is the purpose of anomalous diffraction measure-
ments, which consists in recording the scattered intensity as
a function of the energy across the absorption edge of an
element, namely Ga in the present case.

First, multiwavelength anomalous diffraction (MAD) was
performed in grazing incidence, with roughly 10 energies
across the Ga K edge (10.367 keV), to localize Ga along the

[1010] reciprocal space direction, which is sensitive to the
in-plane strain and structure. Figure 7(a) shows scattered in-
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FIG. 8. Al proportion x of the isostrain region, as a function of
the AIN deposit on top of the QDs plane.

tensities measured along the [1010] direction at four, out of
the ~10, energies across the Ga K edge. The resulting scat-
tered amplitude modulus from Ga regions, extracted accord-
ing to the MAD principles,'®!%?> is shown in Fig. 7(b), to-
gether with the square root of the overall scattered intensity
at 10.267 keV for comparison. The position of the Ga signal

maximum along [1010] is directly related to the average in-
plane strain state in the QDs.

Further anomalous diffraction experiments were per-
formed, selecting specifically the QDs by measuring the scat-
tered intensity at the maximum of the Ga partial structure
factor determined by MAD. The incident angle was set to
a,;=0.3°, which is slightly above the critical angle for which
total reflection regime takes place (~0.20° for AIN).

The energy was varied with a 2 eV energy step from
10.2 keV to 10.8 keV, including the extended diffraction
anomalous fine structure oscillations region above the Ga K
edge. The smooth variations (disregarding oscillations) of the
diffracted intensity, more precisely the cusp at the edge, were
fitted using a least-squares algorithm to assess the structural,
crystallographic parameters related to the isostrain region se-
lected by diffraction.'?26-27

Figure 8 shows the variation of the x Al/Ga proportion of
the isostrain volume selected by diffraction at the maximum
of the Ga partial structure factor, as a function of the AIN
deposit on top of the QDs planes (see Sec. VIin Ref. 19). Up
to 4—5 ML, the Al proportion, which is near to zero for free
standing QDs (0.19+£0.01%) increases linearly, and stabi-
lizes above 4—5 ML, the contribution at 10 ML being almost
the same as for 5 ML. Provided that AIN on top of the QDs
is pseudomorphic to GaN for low coverages,'® and as no
appreciable intermixing occurs inside the GaN QDs,!'?% the
variation of the Al proportion x in the isostrain region up to
4-5 ML indicates a uniform increase of the amount of AIN
on top of the GaN QDs. This could result from a uniform
growth of AIN on the whole surface, i.e., the QDs and the
thin pseudomorphic wetting layer,?® as also indicated by the
AFM and HRTEM analysis. The further evolution of the Al
concentration above 4—5 ML points out a change in the AIN
growth process, which leads to AIN with an in-plane strain
state different from that in the QDs. These results are con-
sistent with AFM and HRTEM data described above. In par-
ticular, it confirms that AIN monotonously grows on GaN up
to 4 ML. Above this value, the regime change put in evi-
dence by x-ray measurements is assigned to the selective
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FIG. 9. Schematics of GaN QDs capping with AIN. (a) GaN
dots are grown on AIN surface (b) vertical exchange between Ga
and Al results in a decrease of the dot size by 1 ML. (c) Wetting of
dots by AIN is observed up to a coverage of 4 MLs. (d) Next,
preferential AIN growth is observed in between dots (€) smoothing
of AIN is eventually observed.

AIN growth in between of the QDs, with a different strain
with respect to the top QDs.

III. DISCUSSION AND CONCLUSION

In this paper we use a multitechnique approach to dem-
onstrate that the capping mechanism of GaN QDs by AIN
takes place in two steps: wetting of QDs by a uniform AIN
layer followed by intervalley filling. A layer of QDs depos-
ited on AIN [Fig. 9(a)], is exposed to Al and N fluxes and
wetting of the dots with a thin layer of AIN is observed [Fig.
9(b)]. This wetting is driven by the vertical exchange be-
tween Al and Ga atoms, which leads to the formation of
more thermodynamically stable Al-N bonds and also to the
size reduction of GaN QDs, as demonstrated in a previous
work.?® In the following step [Fig. 9(c)], up to a coverage of
about 3—4 ML, AIN homogeneously covers the dots and the
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space between them. AIN growth on top of the dots during
this stage is unexpected as it implies an elastically unfavour-
able expansion of AIN lattice parameter. It may be, instead,
of kinetical origin, due to the relatively low mobility of Al
adatoms on the surface in the range of growth temperatures
used. Above a coverage of 3—4 ML, the excess of accumu-
lated elastic energy however leads to a drastic regime change
which is more favourable from the elastic energy point of
view: growth of AIN takes place in between of the QDs [Fig.
9(d)], preferentially filling the space in between of them.
Eventually, further growth of AIN [Fig. 9(e)] leads to the
recovery of a smooth surface.

A remarkable property of the GaN QDs is that they do not
change in shape and that no significant AIN/GaN interdiffu-
sion can be put in evidence during the capping process. This
makes the case of AIN/GaN system drastically different
from that of Si/Ge. For the latter, capping of Ge islands is
associated with a progressive alloying and with a shape
change. It has been recently argued that the Ge-Si intermix-
ing, which is experimentally observed, is strain driven rather
than thermally activated,”® acting as driving force for the
minimization of elastic energy of dots. As a further example
of strain driven composition of the capping material, it is
worth mentioning the case of InAs islands capped with
InAlAs material which has been experimentally®® and
theoretically®' studied in detail. In this case, an anisotropic
strain-induced demixing of the capping material has been
observed, eventually leading to a nontop-on-top vertical cor-
relation of stacked nanostructures.

Another key parameter of capping process is the ability of
the barrier material to wet the dots or not. Such ability is
related, on one side, to the lattice parameter mismatch be-
tween islands and capping material which may either favor
or not wetting. On the other side, the relative bond strength

PHYSICAL REVIEW B 74, 195302 (2006)

of dot and barrier material constitutes an additional param-
eter for wetting. Actually, it is found that despite the 2.5%
lattice mismatch between AIN and GaN, AIN wets both GaN
QDs and the GaN wetting layer in between of them. It is
likely indeed, that the greater bond strength of AIN com-
pared to GaN is responsible for this behavior, as it presum-
ably prevents the surface migration of Al from the GaN QD
to the GaN wetting layer at the base of them. Such a view is
consistent with the vertical exchange between Ga and Al
which has been observed when capping GaN quantum wells
or QDs with AIN.?® We believe that the ability of AIN to wet
GaN is responsible for the first stage of homogeneous cap-
ping. Further deposition of AIN is governed by a trade-off
between competing factors: deposition of AIN on dots results
in dramatic straining of GaN QDs,'® which partly compen-
sates the expansion of AIN due to the lattice mismatch. Fi-
nally, our experimental results suggest that the AIN coverage
of about 3—-4 ML corresponds to a drastic change in the
capping regime and to the onset of preferential growth of
AIN in between the dots with respect to growth right over
partially relaxed dots.

A further and interesting aspect of this work, on a metho-
logical point of view, is the combination of electron and
atomic force microscopic techniques with a unique applica-
tion of diffraction, namely DAFS, which allows one to con-
firm and quantify the AFM and HRTEM results on a statis-
tically averaged scale.
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