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Abstract

We exhibit both experimentally and theoretically a novel growth mode for the epi-
taxy of AlGaN quantum dots (QD), where they are eventually produced without their
usual surrounding wetting layer. If the generic evolution of QD is ruled by the elas-
tic relaxation and capillary effects, evaporation occurs here on a time scale similar to
that of growth. Using a dedicated surface diffusion model accounting for elasticity,
wetting and anisotropy, we evidence numerically different kinetic regimes as a function
of the evaporation flux, that rationalize the experimental outcome. The resulting QD
are characterized by enhanced optical properties compared to the common QD with a
wetting layer. These nanostructures are promising candidates for deep ultraviolet light

emitting diodes.
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Quantum dots are nowadays commonly and extensively used in different semi-conductor
industrial and research devices, spanning e.g. from screen displays to UV emitters or in-
distinguishable photon sources.!” They may be produced by different technological routes
but the technique best amenable to integration is hetero-epitaxy where they arise in the
Stranski-Krastanov (SK) mode.® ! In this case, the deposited film initially perfectly wets
its substrate and grows layer-by-layer. Above some critical thickness h., it undergoes a mor-
phological transition leading to QD that partially relax the elastic energy due to the misfit
strain, and that remain separated by a thin wetting layer. This evolution is by its very nature
out-of-equilibrium and requires the understanding of the crystal growth dynamics, a prereq-
uisite to the control and application of these nanostructures in large-scale self-organized
assemblies. ! In particular, QD fabricated in the SK mode have been recently used as the
active region of UV light emitting diodes (LEDs) using Aluminium Gallium nitride (AlGaN)
materials.® These materials are seen as the next technology for UV sources in replacement of
the mercury lamps, which bring issues of toxicity and recycling. In addition, LEDs present
strong advantages such as low power consumption and long lifetimes. However, the external
quantum efficiency of UV LEDs is still limited to typically of a few percent.'? This char-
acteristic is, in part, due to the low internal quantum efficiency of the active region due
to the high dislocation densities in AlGaN materials (usually above 10° cm™2). One of the
solutions proposed to circumvent this problem is to use QD instead of quantum wells as the
active region: due to their dimensions at the nm scale, QD efficiently confine carriers and
prevent them for recombining non radiatively on dislocations, leading to a weakly dependent
photoluminescence intensity variation as a function of temperature compared to the QW
case where carrier can diffuse towards dislocations as the temperature increases.'® However,
due to the presence of a large internal electric field in GaN/AlGaN QD heterostructures (up
to several MV /cm), the variation of the QD size (more precisely the QD height since the op-

tical properties of GaN QQDs are essentially governed by the confinement and the separation



of electrons and holes, induced by the electric field, along the growth axis!?), has a strong

impact on their optical properties and in particular their wavelength emission due to the

t.15 Consequently, it is of importance to understand the main

quantum confined Stark effec
mechanisms leading to the QD formation in the SK mode.

We investigate here the effect of evaporation from the crystal to the high vacuum phase.
It occurs significantly in AlGaN systems on accessible time scales and challenges the kinetic
processes at work during crystal growth at the nanoscale. We find experimentally that a
GaN film on an Al,Ga;_,N substrate leads to quantum dots that coexist even though their
wetting layer has disappeared. This finding is in contrast with the usual SK picture appli-
cable to these systems, where QD coexist with a surrounding wetting layer. To rationalize
this kinetic route, we use a dynamical model describing surface diffusion that accounts for
evaporation, wetting and elasticity. Using parameters dedicated to AlGaN systems, it per-
fectly describes a dynamics leading to QD with a vanishing wetting layer. This preferential
evaporation appears as a breakdown of the smooth evolution usually dictated by surface
diffusion that kinetically competes here with evaporation. As QD offer an attractive way to

localize charge carriers and hinder their diffusion to defects, we discuss the application of

these nanostructures in deep ultraviolet devices.

Experimental evidence

The structures, see Fig. 1, were grown by molecular beam epitaxy using solid sources for Ga
and Al elements and ammonia (NH3) as the nitrogen source. Using sapphire as a substrate,
an Aly5GagsN (0001)-oriented layer (with a thickness of 800 nm, ensuring the fabrication

I7.18) was first grown, followed by the fabrication of the GaN

of an almost fully relaxed layer
QD at a temperature of 800°C. Initially, the growth mechanisms of GaN on Aly;GagsN
were investigated based on the evolution of the GaN layer morphology, which was monitored

in situ by reflection high energy electron diffraction (RHEED): as presented in Fig. 2, the
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Figure 1: Structures of the samples investigated in this study: GaN QD, with (left) or
without (right) a WL, were grown on Aly 5Gag sN. The samples were grown on (0001) sapphire
substrates by molecular beam epitaxy (MBE) in a RIBER 32 reactor using solid sources for
aluminium and gallium, and ammonia (NHj) as nitrogen precursor. The Al content of
the Al,Ga; N layers was determined in-situ by reflection high-energy electron diffraction
(RHEED) oscillations, !¢ and confirmed by energy dispersive X-ray spectroscopy in a scanning
electron microscope (SEM).

intensity variation of the RHEED diagram as a function of time was recorded. As a general
feature, the variation of the intensity, which corresponds here to the integrated intensity of
two different regions of the RHEED diagram (Fig. 2(c)), can be directly correlated to the
modification of the GaN layer going from a streaky pattern (Fig. 2(a)), produced by a two
dimensional (2D) surface, to a spotty one (Fig. 2(b)), characteristic of a 3D morphology
due to the formation of nanometer-sized islands (i.e. GaN QD). Actually, the formation of
GaN QD using NHj3 are observed after the deposition of GaN, providing that the growth
interruption is performed under vacuum and that the deposited amount of GaN is superior
to a critical thickness which depends on the lattice-mismatch value between the GaN and
the (Al,Ga)N layers.'® The evolution of the RHEED intensity follows four stages which can
be distinguished between different times (from ¢y to ¢4 in Fig. 2(c)): i) in a first stage,
i.e. between ty and 1, a nominal 8 monolayers thickness of GaN is deposited on Aly5GagsN
and follows a 2D growth mode (Fig. 2(a)); ii) after the GaN growth, both Ga and NHj
fluxes are switched off (at ¢;), and the 3D diffraction intensity increases gradually due to
the formation of Bragg spots (while the specular spot intensity drops), reaching a maximum
at to and corresponding to the formation of QD; (iii) then, the RHEED intensity reaches
a plateau and remains almost constant, between ¢, and t3, indicating an invariance of the

overall diffracted intensity, i.e. average diffracted QD volume; (iv) for times longer than



t3, a progressive decrease (increase) of the 3D surface Bragg spot intensity (2D surface
specular spot) is observed, corresponding to a progressive transition from a 3D to a 2D
surface morphology due to the evaporation of the GaN layer?® until the Aly;GagsN surface
is reached (at t4). As a consequence, the QD morphology could be modified using different

interruption times after the deposition of the GaN layer.?2!

, . . __Time (s)
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Figure 2: Reflection high energy electron diffraction (RHEED) diagrams of a GaN layer
grown on Aly5GagsN : (a) during the deposition of the 2D layer and (b) during the growth
interruption under vacuum. (c) Integrated intensity variation as a function of time of two
different regions of the RHEED diagram corresponding to the specular spot (purple) and
the Bragg spot (dark blue) evolution.

Next, in order to further investigate the evolution of the GaN layer and QD morphology,
two types of QD samples were fabricated using different interruption times (t) : 1) for ¢
in the vicinity of t5 (i.e. t & to, sample A), 2) for ¢ longer than t3 (i.e. for t3 < t < ty,
sample B). After the fabrication of the QD, a 30 nm-thick capping layer of Aly5GagsN was
grown for the purpose of studying the QD morphology and optical properties. The QD
morphologies of samples A and B were investigated by cross-sectional scanning transmission
electron microscopy in high angle annular dark field mode (STEM-HAADF) as described
in.?122 Sample A consists of GaN QD formed after an annealing duration between t, and
ts (see Fig. 2 and Fig. 3(a)) whereas sample B consists of GaN QD after an annealing
duration between t3 and ¢4 (see Fig. 2 and Fig. 3(b)). In both cases QD have been capped
with an Alg5GagsN layer. HAADF images show Z-contrast with atomic columns intensities
proportional to Z%, Z being the average atomic number along the column and with o being

between 1.6 and 2, GaN therefore appearing brighter than Aly5Gags;N. GaN QD in sample
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A appears as sitting on a 2D GaN wetting layer (WL) with a thickness between 0.8 and
1nm?! whereas sample B is made of a QD plane without a WL.?2 The contrast fluctuations
in the Aly5GagsN layers are due to a phase separation mechanism described in detail in

Ref.?® Consequently, it is found that the presence of an evaporation process of the GaN

Figure 3: Cross section STEM-HAADF images of QDs along the [1-100] zone axis in sample
A (a) and sample B (b). GaN appears brighter than Aly5GagsN in such images. The contrast
fluctuations in the Aly5GagsN layers are due to a phase separation mechanism described in
detail in.??

layer involving the formation of QD can lead to a specific regime where the initial presence
of a WL can be suppressed.

It is noteworthy that the (1-103) facets forming the QDs are also observed when anneal-
ing under vacuum a 2D unstrained GaN layer in the same temperature range, i.e. when
significant evaporation occurs. This clearly means that under vacuum the (0001) surface be-
comes less stable than the (1-103). As a consequence, the (0001) surface is rapidly replaced
by a (1-103) facetted surface. Also, the evaporation rate of (1-103) facets is about a factor
10 lower than the one of (0001) surface (note that a still lower evaporation rate, i.e. a factor
100, is found for (1-100) plane, the most stable for wurtzite GaN phase?%?®). Note also that
it was shown in previous studies that the QD shape and size could be modified with the
growth of an AlGaN capping layer.?? However, for application purposes, it is necessary to
use a capping layer in order to obtain a high radiative efficiency of the QD that is strongly

reduced in the case of uncapped QD.?¢ This explains the use of a capping layer here on top



of the QD to determine and compare their optical (photoluminescence) efficiency. Hence, an

important experimental outcome of this study is that capped QD without a WL could be

grown.
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Figure 4: Comparison of the photoluminescence emission at 12K and 300 K of GaN QD
embedded in an (0001) matrix in the case of QD with (a) and without (b) a wetting layer.
Note that the PL intensity of sample A at 300 K has been multiplied by a factor 6.

We now turn to the consequence of this wetting-layer-free growth mode. A major result
is found by studying and comparing the photoluminescence (PL) properties of samples A
and B described above between 12K and 300K. As shown in Fig. 4, the measurements
are characterized by a broad modulated peak which originates from the QD emission. The
modulation of the peak is due to interferences coming from the multi-layered structure of the
samples, which are made of AlIGaN/GaN/AIN layers grown on a sapphire substrate (similar
to the growth process and conditions described in?!). By comparing the PL integrated
intensity of both samples, only a weak decrease is observed in the case of sample B, with
a ratio of 1.6 between the measurement at 12K and the one at 300 K, whereas a stronger
decrease is found for sample A with a ratio of 6. These results are attributed to the role
played by the WL in the QD properties: as the sample temperature is increased, thermally
activated carriers initially injected into the QD are captured in the WL where they can then
diffuse in the growth plane due to the reduction of confinement in the WL compared to the

confinement in the QD. Consequently, the probability of carriers recombining non-radiatively



with surrounding defects (i.e. mainly dislocations) increases, leading to a stronger reduction
of the PL intensity compared to the case of QD without a WL.2! These results clearly show
the important role of the WL in the non radiative processes and the interest in controlling

the parameters at play to fabricate QD without a WL.

Continuum evolution

Mass conservation

We turn to the modelization of the dynamical evolution of hetero-epitaxial films. We use
a continuum framework that describes the morphological evolution of a film deposited on
a substrate.?” The film, lying in between z =0 and the free surface z = h(x,y,t), evolves

following the mass conservation?

% = DAp— FVI+ V2, (1)

where [’ corresponds to the evaporation flux, while u = 9(F¢ + F*)/0h is the surface
chemical potential given by the functional derivative of the elastic and capillary free en-
ergy F¢ and F*2° 1. Equation (1) includes both evaporation and surface currents due to
surface chemical gradients. The crucial technical novelty here is the account of an explicit
evaporation, that, generally speaking, may depend on the local orientation (different facets
evaporate at different speeds). It introduces in the evolution equation (1) a source term in
the right-hand side, that is function of the local slope. The influence of a similar yet different

2728 with a deposition flux. In the seminal work of,?7 the depo-

source term was analysed in
sition flux was shown to influence the critical film thickness for instability. It was found in?®
that the resulting QD found in the latter stages of the instability are also dependent on the

growth rate. Different regimes were found with a strong spatial correlation of QD at high

LA is the surface Laplacian equal to 0‘9—; + 88—;2 in the small slope approximation



flux, that are always surrounded by a wetting layer. Yet, to the best of our knowledge, the
influence of an evaporation flux has not been investigated. To describe AlGaN systems, we
consider the substrate (0001) facet and the six (1-103) facets, with respectively the normal
vectors ng={0,0,1} and n; = 3{cos(iZ + Z),sin(iZ + %),v/3}, i=1,...6. In the following,

we use an anisotropic evaporation flux

Fe(m) = F&, {1 41 ;p PIPC Ve

aretan [ (Jhm =y = S ) |2

with m = {h,, h,}, m; =2/v3 {ni.,ni,}, Fi, the reference evaporation of the substrate,
p=F7" 103/ F§to1, and the parameters n and €.. We chose the generic parameters Ay = 0.2,
1o =10, ¢g =0.1, while A; =0.07, n; =4, ¢;,=0.001. These precise values are not important
for the following results and chosen in order to reproduce the anisotropic properties of the

AlGaN systems. We plot in Fig. 5 the evaporation flux F°’(m) used in the subsequent

e 0]
0001

Figure 5: (left) Anisotropic evaporation flux used in the following simulations with a hexag-
onal anisotropy described in Eq. (2) with p= 15 ; (right) Anisotropic surface energy described

by Eq. (3).

analysis for a hexagonal anisotropy relevant for AlGaN systems. We use an anisotropy ratio
p = 1/10 that describes a tenfold decrease in evaporation between the substrate and the
preferential (1-103) facets. This decrease corresponds to the experimental estimate that
can be done from measurement on flat substrates.?* Though, as seen below, this precise

value is not relevant for the following main results. In addition, the surface excess energy



F* = [~(h,n)d*S is decomposed as v = [1 + Va(n) + 7, ()], with the thick-film (0001)
reference 77, and the anisotropy and wetting contributions v, and 7,,.*" We consider again

a hexagonal symmetry for the surface energy anisotropy where

6
Yo = ZA]- eXp [—773'\/1 —nn;’+ 63’] ; (3)
=0

with the local normal n = ﬁ{—hx, —hy,1}. This functional leads to facet-like objets
with a small regularization €., even with a small amplitude A,, see Fig. 5. In addition,
we also consider wetting effects, that arise in nanometer-thick films; they originate from
the excess contribution due to the presence of the film/substrate interface close to the film
surface. In semi-conductors, we generically consider v,,(h)=c¢, exp(—h/d,). Combined with
elasticity and capillarity, wetting interactions enforce the existence of a critical thickness h,..
that is common of the Stranski-Krastanov (SK) mode : a flat film of thickness below A,
does not evolve, while quantum dots separated by a wetting layer are found for thicknesses
above h,, see e.g.332 _ In the following, we used ¢, = 0.01 and 6, = 0.074 that lead to
h. = 0.8nm in the AlGaN system. Nevertheless, the following results do not depend on
these precise values. Finally, the elastic energy in the system is due to the epitaxial misfit
m=(a’ — a®)/a® between the film (f) and substrate (s) lattice parameters a’ (a®). We use
the elastic energy up to second order computed in the small slope approximation as given
in.? Its amplitude is related to the elastic energy density &=Ym?/(1 —v), where Y and v
are the Young’s modulus and Poisson’s ratio.?!

The natural length and time scales associated with the evolution equation (1) are [y =
v1/2(1+v)E and to=1;/Dv; that can be derived by dimensional analysis. With the surface

2 one finds

energy of GaN, vy = 1.89J/m? %% and with their typical elastic parameters
lo = 5.4nm for a GaN film on top of a AlysGagsN substrate. The setting of t; is more

delicate as the effective diffusion coefficient D is difficult to measure. To bypass this, we

2We used, Y =300 GPa, v=0.20, acany =3.201 A, asn =3.126 A.
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compare the experimental and theoretical evolution of the roughness. The initial increase
occurs experimentally on the time scale ~100s, see Fig. 2, and numerically on At~ 100t
so that we consider in the following ¢y~ 1s.

Note that in this modelization, we neglect effect of dislocations. Concerning the former,
the main defects are threading dislocations which are propagating from the substrate /nitride
layer interface up to the AlGaN surface where they create small surface depression. Regard-
ing the influence of dislocations on the QD nucleation, it was shown in TEM studies that
GaN QD can nucleate next to threading edge dislocations” and we have also observed such
features in low QD density samples. However, this feature has not been investigated here
since the QD density is typically one order of magnitude larger than the threading disloca-
tions density which means that at least around 90% of the QD formation is uncorrelated
to the presence of threading dislocations. We also neglected the effects of interdiffusion at
the substrate/film interface that could occur, but with an expected small influence on the

surface diffusion on the pure GaN film.

Kinetic regimes

We investigate the dynamics dictated by Eq. (1) during evaporation of a film with an initial
thickness h. We typically find three different kinetic regimes, see Fig. 6 that are mainly
function of the evaporation flux F{j,, — that is proportional in real units to F§j,,/D. For a
high evaporation flux (Fig. 6a), F' 2 F™*  the instability (that develops on a time scale t)
does not have time to occur significantly before the complete evaporation of the film (that
occurs on a time scale h/Fgy,). In this regime, the film mainly evaporates layer-by-layer.
For intermediate flux (Fig. 6b), F™" < F < F™* the morphological instability has time
to develop during evaporation, QD arise, and may coarsen while matter evaporates. The
main outcome is that in this regime, the wetting layer vanishes while QD are still present.
In this case, evaporation is faster than the mass redistribution between islands, so that the

thinner wetting layer disappears first at some locations where the bare AlGaN substrate is
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exposed, shown by gray areas in Fig. 6b. Finally, in the low evaporation flux regime (Fig. 6¢),
F < E™in | coarsening has ample time to occur before complete evaporation. Hence, islands
form, coarsen and, as matter slowly evaporates, completely dissolve in the wetting layer that

eventually evaporates layer-by-layer.

Preferential evaporation of the WL

We focus on the intermediate flux regime that is in strong correspondence with the experi-
mental finding of QDs without a wetting layer. During the morphological evolution depicted
in Fig. 6b, we find that the QD height first increases during the QD formation, then saturates
while QDs slightly coarsen, and finally decreases as the system keeps on evaporating. The
initial evolution is mostly dictated by surface diffusion and corresponds to the development
of a morphological instability in its linear regime. It leads in the non-linear regime to facetted
QDs surrounded by a WL, that slowly coarsen while their shape does not significantly evolve.
As time goes by, evaporation starts to be visible and leads to the decrease of the QDs, and
after some time, to the vanishing of the WL. During this evolution, once islands are formed,
the wetting layer thickness is close but slightly higher than the SK critical thickness h., be-
fore it eventually falls below h, just before the first vanishing of the WL. Finally, it is worth
noticing that the average film thickness decreases rather linearly during the entire process,
even if the (0001) and (1-103) facets evaporate at different speeds.

To go further, we consider the time §t°V when the WL first vanishes, that is plotted in
Fig. 7 as a function of F{j,, for different evaporation anisotropy p. We find that (i) 6t
behaves typically as a power law 6t ~ A/F¢, with ¢ ~ 1.1 ; and (ii) it is bounded below by

5t =h/Fgy, corresponding to the evaporation of a flat film. An important conclusion of
this Figure, is that the vanishing of the WL is not the result of the preferential evaporation
of its orientation compared to the quantum dots facets (even though it does evaporate faster
experimentally). Indeed, the same vanishing of the WL occurs when we consider an isotropic

evaporation with p = 1. In addition, there is very little quantitative difference in §t°¥ for

12



Figure 6: Evolution of a strained film following Eq. (1) for (a) a high evaporation flux,
showing the initial morphological evolution followed by dissolution in the wetting layer while
evaporation acts (the evaporation flux is F5y, =0.1, while h=0.45 (=2.4nm) and p=0.1) ;
(b) an intermediate evaporation flux, with the growth of quantum dots, and their coarsening
that leads to the preferential evaporation of the wetting layer : at some stage, evaporation
leads to the exposition of the bare AlGaN substrate (gray areas) (the evaporation flux is
Fgb,, = 0.01, while h =0.45 (=2.4nm) and p=0.1) ; (c) a low evaporation flux, showing
the initial growth of quantum dots followed by their coarsening and slow dissolution in the
wetting layer while evaporation acts (the evaporation flux is Fgty, = 0.001, while h =0.25
(=1.4nm) and p=0.1 ; in this case, we chose a slightly lower value of h in order to avoid a too
big islands that undergo a shape transition beyond the scope of the article). In all the figures,
the black level lines are separated by one monolayer. (lengths are given in nanometer)

13
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Figure 7: Time duration 6t of the first vanishing of the WL as a function of the (0001)
evaporation flux F$Y, for a typical h=0.7 (corresponding to 14 ML) and for (a) p=0 (blue
-+ sign, no evaporation), (b) p=0.1 (orange circle) and (¢) p=1 (black * sign). The solid
blue line is the lower bond §t¢%. ~ (see text).

the significantly different values of p = 0,0.1 and even 1, see Fig. 7. The vanishing of the
WL results instead from the breakdown of the quasi-static evolution of the QD+WL system.
All things considered, we can conclude that the preferential evaporation of the WL in the
intermediate regime results from the fact that evaporation is too fast to allow a significant
mass redistribution between the dots and the evaporating wetting layer, so that the system

does not have time to heal the (thinner) evaporating wetting layer.

Comparison with experiments

The comparison between theory and experiments is delicate as some parameters are unknown
precisely, e.g. concerning the diffusion coefficient. The experimental finding of QD without
a WL is qualitatively in accordance with the simulations that lead to the vanishing of the
WL 3. We claim that this finding rationalizes the experimental initial vanishing of the WL.
First, the experimental parameters are in the range of the intermediate regime. As explained
above, if D is delicate to measure, we can estimate t, by comparison of the initial increase
of w, with the result tg~1s at T'=800°C. In the experiments under study, the experimental

evaporation of 2D GaN is 0.17 ML /s while the evaporation of GaN (1-103) QDs is 0.02ML/s,

31t should be noted that if we further pursue the simulation after the initial WL vanishing, the numerical
code leads to a complete disappearance of the WL but, as the model is based on the assumption h >0, this
numerical finding is out of range of the model

14



Figure 8: Simulation of the preferential evaporation of the wetting layer for parameters
corresponding to experiments FgY, =0.010, h =0.3 and p=0.12, showing the vanishing of
the wetting layer (gray areas) while quantum dots are already grown. (lengths are given in
nanometer)

at this temperature, so that F§j,; =0.010 and p=0.12. With these experimental parameters,
we performed the simulation of the film evolution under evaporation, see Fig. 8. We find in
this case that the evolution does indeed lead to the evaporation of the WL while QDs are
already formed, see Fig. 8. Thence, the experimental parameters are fully in the range where
theory predicts a preferential evaporation of the WL. We consequently argue that the scenario
of a competition between coarsening and evaporation rationalizes the experimental outcome
of QD without their WL. We note that the process leading to the complete disappearance of

the WL would require an appropriate model describing the triple line film /substrate /vacuum.

Conclusion

We have shown both experimentally and theoretically that a self-organized assembly of quan-
tum dots separated by a wetting layer can lead during evaporation to dots without a wetting
layer. We evidence this evolution in hetero-epitaxy of AlGaN systems and rationalize it
thanks to a dedicated continuum dynamical model of surface diffusion. This model accounts

for elasticity, surface energy anisotropy and wetting, and includes a facet-dependent evap-
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oration. For all the parameters investigated, it leads to the vanishing of the wetting layer
on the long run, whether it has a preferential evaporation or not. But in some evaporation
regime, it leads to quantum dots that are still present while the wetting layer has already
evaporated. This study highlights the very kinetic nature of the usual geometries of the
Stranski-Krastanov growth mode and the possibility to tune them. Furthermore, the result-
ing isolated quantum dots prove to have enhanced photoluminescence efficiencies compared
to their usual counterparts with a wetting layer in the GaN/AlGaN system. These novel
nanostructures open the path to new quantum-dot based devices that emit in the deep

ultraviolet.
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