PHYSICAL REVIEW B 70, 125427(2004)

Nucleation and growth of GaN/AIN quantum dots

C. Adelmanri and B. Daudin
CEA/CNRS Research Group “Nanophysique et Semiconducteurs,” Département de Recherche Fondamentale sur la Matiére Condensée,
CEA/Grenoble, 17 Rue des Martyrs, 38054 Grenoble Cedex 9, France

R. A. Oliver" and G. A. D. Briggs
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom

R. E. Rudd
Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, California 94550, USA
(Received 21 October 2003; revised manuscript received 8 June 2004; published 29 September 2004

We study the nucleation of GaN islands grown by plasma-assisted molecular-beam epitaxy( @04l
a Stranski-Krastanov mode. In particular, we assess the variation of their height and density as a function of
GaN coverage. We show that the GaN growth passes four stapgastially, the growth is layer by layegii)
subsequently, two-dimensional precursor islands form, whichtransform into genuine three-dimensional
islands. Island height and density increase with GaN coverage until the density sativat®sring further
GaN growth, the density remains constant and a bimodal height distribution appears. A fit of an equilibrium
model for Stranski-Krastanov growth to the variation of island distributions as a function of coverage is
discussed.
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I. INTRODUCTION sizes and densities will depend on the material system, pos-

Zero-dimensional semiconductor quantum dg¢@Ds) sibly through material parameters like lattice misfit, ela_lstic
have attracted much interest in the last decade due to thefPnstants, or surface energies. Hence, we may further discuss
multiple potential applications ranging from low-threshold the experimental data in the framework of an equilibrium
laserd2 via single-electron tunneling devidgsto possible  model based on statistical physics that was originally devel-
realizations of qubits for quantum computatfohA versatile  oped in work on the Ge/Si systeth.
method for the fabrication of semiconductor QDs is their
self-assembled growth following the Stranski-Krastanov Il. EXPERIMENTAL
(SK) growth mod¢€. This mode usually occurs during the
growth of semiconductor epilayers under compressive strain. The samples have been grown in a MECA2000
Example material systems are ,G®_As/GaAs® 10 molecular-beam epitaxMBE) chamber equipped with stan-
Si,Gey_/Si12 CdSe/zZnSé3 or GaN/AIN4-18 |n this  dard effusion cells for Ga and Al evaporation. The chamber
mode, atoms are initially deposited in form of a two- also contains an rf plasma cell to provide active nitrogen for
dimensional pseudomorphic wetting layer. The associate€aN and AIN growth. The pseudosubstrates used were about
strain energy increases with the thickness of the wetting@ um thick GaN000Y) (Ga-polarity layers grown by metal-
layer and is finally elastically relieved by the formation of organic chemical vapor deposition on sapphire. The substrate
islands. temperatur@d g was measured by a thermocouple in mechani-

The usefulness of such self-assembled nanostructures real contact to the backside of the molybdenum sample
lies on the ability to obtain homogeneous size distributiondiolder. To ensure substrate temperature reproducibility, each
as well as to control their size, density and position. Manyseries of samples described below was grown on a single
theoretical contributions have enhanced our understanding @holybdenum substrate holder.
the size distributions of SK-grown islands, but some contro- Prior to all experiments, a 100 nm thick GaN layer was
versy remains?-2°Also, despite many experimental studies, grown under Ga-rich conditions on the pseudosubstrates to
the influence of growth parameters on the size and density gfvoid the influence of a possible surface contamination layer.
such islands is not fully understood, owing to the complexitySubsequently, a 300 nm thick AIN film was deposited under
of the physics of strained layer growth. Al-rich conditions at a substrate temperature of 730°C. We

In this work, we present results on the nucleation of GaNhave found by reflection high-energy electron diffraction
islands on AIN following an SK mode, in particular on the (RHEED) and high-resolution x-ray diffraction that this
dependence on the amount of deposited GaN and the suthickness is sufficient for the AIN layer to be virtually fully
strate temperature. The qualitative behavior is similar to thatelaxed with a residual in-plane strain ef<0.1%27 An
found in other systems such as, e.g., InAs/GaAs or Ge/Satomic-force microscopy (AFM) image of such an
This reinforces the idea that there are common features @&IN (0001 surface is shown in Fig. 1. The surface is char-
semiconductor SK growth, which are rather universal andacterized by about 30 nm wide terraces and spiral hillocks,
independent of the specific material system. Absolute islandimilar to GaN surfaces grown under equivalent conditféns.
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FIG. 2. (Color onling Atomic-force micrograph of the GaN
surface morphology for coveragésof (a) 1.8 ML and(b) 2.2 ML,
respectively. In(b), d=20 nm indicates the typical lateral length
scale of the 2D precursor islands.

the AIN pseudosubstrate: the surface is characterized by
about 30 nm wide terraces and spiral hillocks. We can thus

FIG. 1. (Color onling Atomic-force micrograph of an AIN infer that the growth of about the first 2 ML of GaN occurs
pseudosubstrate. in a layer-by-layer mode since RHEED oscillations are
observed?

The growth rate and the GaN coverage have been experi- When the second monolayer is completed, the morphol-
mentally determined for each sample by RHEED oscillation29Y changes, as evidenced in Figbpfor ©=2.2 ML, i.e.,
occurring during the growth of the wetting layer prior to immediately before the SK transition. Remainders of terraces
island formatior?® Tvpically. arowth rates for different lay- 2nd spiral hillocks are still visible, but the surface is charac-

. - lypically, g . o " terized on a short scale by 1-2 ML high flat 2D islands with
ers (and different samplgswere reproducible within about

typical diameters ofl=20 nm|[see Fig. 2)]. The behavior
0.01 monolayersML )/s. The GaN coverage was then calcu- . o L
lated with a precision better than 0.1 ML. It is worth noting can thus be described by a transition from a layer-by-layer

i J growth to multilayer growth at around 2.0 ML. Such an oc-
that no measurable influence of the growth rate on GaN |sg yer g

) . currence of 2D precursor islands prior to the genuine 2D-3D
land properties has been found in the range between 0.1 angs (;ansition has also been observed in the INAS,Ga) As
0.6 ML/s. On the other hand, the Ga/N flux ratio has bee”systerr?l—34
found to have a crucial influence on the growth médisg in '
this study it was fixed to 0.8\-rich conditions. This led to
a critical thickness for the SK transition of 2.25 M2:3°The
critical thickness was measured for each sample and found
be reproducible within 0.1 ML.

To study the GaN islandas grown,the samples were

When the growth is continued, the genuine SK transition
occurs and 3D GaN islands are formed as shown in Fig. 3.
We find that their density increases strongly with GaN
tt?overage and saturates around 3.0 ML at a value of 1.8
X 10" cmi? [see Figs. @) and 3b)]. Further GaN deposi-

. tion does not lead to an increase in island density but instead
rapld_ly quenched to room temperature under Nnflux. islands grow in size. However, the islands do not grow con-
EX situAFM was then used to study the Gf”‘N morphOIOgYtinuously in size but a bimodal size distribution is observed
after exposure of the samples to air. The size of surface i See Figs. &) and 3d)].
lands measured by AFM is generally in good agreement wit
the size found by TEM on AIN-capped samples, indicating
that GaN oxidation is insignificant. The island diameters
have been corrected for the finite size of the AFM (#s-
suming a tip radius of 5 ninNo correction has been applied
to island heights.

Ill. RESULTS
A. Dependence on GaN coverage

The parameter most directly governing the properties of
GaN islands grown in the SK mode on AIN is the GaN
coverage®, which effectively describes the evolution of the
islands during growth. To study this evolution, a series of
samples was grown at a substrate temperature of 730°C and
a growth rate of 0.15 ML/s. The GaN coverage was varied
between 1.8 and 4.6 ML.

Figure 2a) shows an AFM image of the morphology of
GaN layers obtained after the deposition of 1.8 ML, i.e., for  FIG. 3. (Color onling Atomic-force micrograph of GaN surface
a coverage well below the critical thickness of 2.25 ML. We morphology for coverage® of (a) 2.5 ML, (b) 2.8 ML, (c)
find that the morphology is unchanged with respect to that 08.0 ML, and(d) 4.6 ML, respectively.
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Z FIG. 6. Total GaN island density as a function of GaN coverage
1 at Ts=730°C. The inset shows the partial density of the islands in

0 the two modes. We observe that mode 1 islands transform into

. . mode 2 islands after the deposition of about 2.8—3.0 ML.

3 3 . . . . . .

2 2 lands is identical with the total density and increases strongly
. ; with coverage. After the deposition of 2.8 ML, the density

0 0 of mode 2 islands increases strongly, similarly to the behav-
0123458 0 123425°¢€ ior of mode 1 islands after the SK transition, while the

Island height (nm) density of mode 1 islands decreases. As the total island den-

_ S _ _sity remains approximately constant, mode 1 islands trans-
F_IG. 4. Height dlstrl_but_lon of GaN islands grown on AIN with  form into mode 2 islands, probably with little or no addi-
nominal coverages as indicates=730°C. tional nucleation of newmode 1 islands.

The variation of the island height is summarized in Figs. 4
and 5. We see that, initially, the islands’ height increases B. Dependence on substrate temperature
from 0.7 to 1.6 nm between 2.4 and 2.8 ML of GaN cover-
age. For higher GaN coverage, a bimodal height distributiorg
is observed with the average height of the first mode island§e
remaining constant at 1.6 nm independent of coverage. Igé

The influence of the substrate temperature was studied in
series of samples wit®h=3.0 ML deposited at substrate
mperatures betweens=690°C andTg=760°C. At still

contrast, the average height corresponding to the secon wer temperatures, no SK growth is observed and GaN

mode increases continuously reaching 4.2 nm at 4.7 ML o> in a pseudo-2D modé&probably due to exces-
: . y reaching 4.z n ' I‘sively low adatom mobility®> Higher substrate temperatures
coverage with no sign of saturation in the examined coverag

i - I&re prohibited by our experimental apparatus due to indium
range. Dlﬁereqces in the shapes of mode 1 and mode 2 I%'onding of the substrates to the substrate holder. All samples
lands will be discussed below.

The variation of the island density is depicted in Fig. 6." this series were grown at a growth rate of 0.25 ML/s.

We observe that the total density increases strongly after thgt ?Ebhgtlrgt?egteesmoget?aetgsgggg(;%)(/) ? I:tv;g dgrai\l;ngrg grré)_wn
SK transitk_)n but saturates aft_er 2.8 ML, i.e.,_at the COVerag%pectively, are shown in Fig. 7. We obse?ve that the total
v_vhere th_e_ island size distribution becomes_ blmoc_ial. The Palsland density decreases rapidly with substrate temperature,in
tial densities of the two modes are shown in the inset in Fig

: . Jkeeping with previous resulfsand also with results obtained
6. For coverages below 2.8 ML, the density of mode 1 IS+or the InAs/GaAs(Ref. 3§ and Ge/Si(Ref. 37 systems.

EE———— The variation of the GaN island density as a function of

5.0F e . substrate temperature for a coverage@£3.0 ML is de-
lode
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FIG. 7. (Color onling Atomic-force micrograph of GaN surface
FIG. 5. Average island height as a function of GaN coverage atorphology as a function of substrate temperat(gTs=700°C
Ts=730°C. Above 2.8 ML a bimodal size distribution is observed. and(b) Ts=760°C.
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FIG. 8. GaN island density for a coverage 0®=3.0 ML as a
function of substrate temperatuiie, The inset shows the island
saturation density as a function of substrate temperature.

FIG. 10. Average island height as a function of substrate tem-
perature for a GaN coverage 6f=3.0 ML. Above 720°C a bimo-
dal size distribution is observed.

picted in Fig. 8. We find an approximately exponential i o o o
decrease of the island density with increasing substrat'ately Gaussian distributioin the limit of the statistical
temperature from 4.x10"cm? at Tg=690°C to 8.0 Precision at a height of 1.6 nm for substrate temperatures
X 10 cmi 2 at T¢=760°C. Ts=<720°C. These islands correspond to the mode 1 islands
As we have seen above, the island density tends to sat@Pserved af's=730°C as discussed above. At low tempera-
rate at sufficiently high GaN coverage. This saturation denture, the distribution is thus still monomodal after 3.0 ML.
sity is shown as a function of substrate temperature in th&0r Ts=730°C, a shoulder appears at the high island side of
inset in Fig. 8. For substrate temperatured g& 730°C, the the dlstr|but|on_ and transforms into a clearly s_eparated sec-
saturation density is similar to the density 8=3.0 ML, in ~ ond mode at higher temperatures. Hence, we find that bimo-
agreement with the results in the last section. However, foflal distributions occur earlietfor lower GaN coverageat
higher substrate temperature, the saturation density is signiffigher substrate temperature. Another remarkable finding is
cantly higher, indicating that saturation occurs for GaN cov-that the height of the mode 1 islands remains constant as a
erages larger than 3.0 ML. function of temperature, whereas the height of mode 2 is-
Figure 9 shows the island height distribution fér  lands increases with temperature, again without signs of
=3.0 ML and substrate temperatures as indicated. The b&aturation in the examined temperature range.
havior is summarized in Fig. 10. We find a single approxi-

IV. DISCUSSION

-

» O N b~ O ® OoON & O ®O

-

The above results demonstrate the occurrence of bimodal
island size distributions at high GaN coverage and/or sub-
strate temperature; at low GaN coverage and/or substrate
temperature, the size distribution is monomodal. Remark-
— ably, when bimodal distributions occur, the size of mode 1
islands(smaller islandsappears independent of growth pa-
rameters such as GaN coverage and substrate temperature.

As discussed above, the variation of partial densities of
both modes implies that, initially, mode 1 islands are nucle-
ated, their density saturates and the growth mainly proceeds
further by transformation of mode 1 islands into mode 2
islands. Thus the question arises, whether this transformation
involves a shape change of the islands similar to the behavior
observed in the Ge/Si system, where pyramidal islands were
observed to transform into “dome-shaped” islands during
growth?%:38 Some information about the island shape can be
Tg=760°C Tg=760°C gathered by RHEED. The RHEED images corresponding to
1k ] pure mode 1 island morphologies and morphologies with a
T ] mixture of mode 1 and mode 2 islan@sut with a majority
e L B R R of mode 2 islandsare both characterized by the saf®13}

facets, showing a sixfold rotation symmetry. It thus appears
that both types of islands afguncategl hexagonal pyramids

FIG. 9. Height distribution of GaN islands grown on AIN at With {1013} sidewalls, in agreement with previous
substrate temperatures as indica®e:3.0 ML. results!**>However, it is clear that the shape of such islands
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FIG. 11. (a) Island height as a function of diameter for mode 1 Wh_'Ch are separz_ited_ by an ener_getlc barrier. From a st_and-
islands obtained for two GaN coverages, as indicaigd.730°C. point of _grOWth k'net'cs’,th's bam?r hgs to be Overcpme if a
The solid line corresponds to an aspect ratioreD.12.(b) Island mode 1 island wants to increase its size. Also, elastic island-
height as a function of diameter for mode 1 and mode 2 islandsiSland interactions will tend to decrease the island density,
Ts=730°C,0=4.0 ML. The solid lines correspond to aspect ratios Which will favor larger islands at higher coverage.
of 7=0.13 for mode 1 and=0.19 for mode 2, respectively. The observation that the size of mode 2 islands increases

with coverage without a sign of saturation raises the question

cannot be obtained from the RHEED pattern alone and fur'-]c an eﬂerg%/ m|n|th1)um acéu.alli/hexgtst/()AI:\r:ese Z:;nds.hmp—
ther work is necessary to determine the precise shape of boﬁrgf[nugn dgf N?r?crh ?:o?r%lri}/i?) 0$|12 anfj ar? alternafizllzth gtjhgesis
types of islands. X ; . yP
A more detailed analysis can be done by extracting th ould be for the configurations to lie along an unstable
aspect ratior of the islands from the AFM data. Figure (&l _stvlvaldhrip(;nin%trajec(tjotr)y. n dorld_elr to dug;:ler%taljd m?re pre-
: : - - isely why the observed bimodal island distributions form, it
depicts the aspect ratio of mode 1 |slano!s for two d|f_ferentlcs dgsirat))lle to employ a model to analyze the island size
GaN coveragegat which monomodal height d|str|but|c_)ns fdistributions and other features of the growth process
are observemt a substrate temperature -Of 730 O.C' In spite o Only a very limited number of models are available i.n the
trzagiasscjlctzjct)?lsltn;nrte aned O\Ivéh?ir:iag (E sAzSe,SLholernaisnpchitg ratlIcl)terature to make definite predictions about island distribu-
11(b), the aspect ratio of mode 1' islénds remains conéta tIions under specific growth conditions. One such model has
(’7’20’13 after the transition to a bimodal distribution butrbeen developed to describe bimodal island distributions in
the rr.10de 2 islands have a significantly larger aspect ratithe G?/Si systedm USir;g zn quuilibrium statistical mecf:ani;:s
. ormalism based on island elastic energetics. Previously, this
of szég‘ Both aspect ratios correspond to- truncateq, o\ has only been applied to the Gge/Si systérmm thg
pyramids” but mode 1 islands are flatter. nitride system, Nakajim&t al*° have theoretically derived
From the aspect ratio data, we can further calculate th

. . . . ickness-composition phase diagrams for the expected
amount of GaN contained in the 3D islands as a function Ogrowth mode for GalnN/GaN and GalnN/AIN, using known

deposited GaN. The result is shown in Fig. 12. We find thamaterials arameters. However they did not take into account
the data are consistent with a 2 ML thick wetting layer, in- P e €y "
the shapes and sizes of experimentally observed nitride

dependent of the amount of deposited GaN. It thus appears . . i

. : nanostructures, nor did they seek to calculate size distribu-
that the wetting layer is stable and does qwt only very tions. The approach we take here is to fit the equilibrium
weakly) contribute to island growth in this system. The de- i pp q

viation for GaN coverages just after the critical thickness omedel to the AFM data on nitride nanostructure size distri-

2.25 ML can be explained by the presence of 2D precursol?unons' The goal is an assessment of whether the bimodal

islands, which still contain significant material but are r]Otdlstrlbutlons of nanostructures are consistent with thermody-

: ; . pamic equilibrium or if they rather correspond to kinetically
taken into account as 3D islands. The precursor islands b(T'lmited ripening trajectories. At present, we have focused on

come gnstable after the SK transition, decay, and contnbut{ane coverage dependence. We find that it is possible to fit the
to 3D island growth. g ) .
equilibrium model reasonably well to the experimental dis-

tributions, suggesting that GaN/AIN growth may actually
proceed close to equilibrium.

The occurrence of bimodal island size distributions sug- The thermodynamic equilibrium model makes explicit
gests that the total island energy as a function of island sizpredictions for the form of bimodal epitaxial nanostructure
has minima corresponding to mode 1 and mode 2 islandslistributions?® based on the island elastic energetics at a

A. Equilibrium model
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given value of the chemical potential. The island elastic en- T ]
ergy is of the form introduced by Shchulkenal.'® where the — Mode1] -
internal energye; of the ith individual island of typeX and —~ Mode2| 1
volume y; is as follows: 1
€ = Axy; + Byr?2+ Cyl3 + Dy. (1) ‘-“g ]
The elastic energetics depend on the size and shape of the So ]
nanostructures, including the bulk elastic relaxatidinst - .
term) and the surfacgsecond termnand edge energies, as > Lol ]
well as a mean field description of the elastic energy associ- o ,
ated with the interactions between nanostruct(aéso in the > ' ' ]
second term Note that for convenience in fitting we have £ . m%g; ]
expanded the edge relaxation energy/din(a/v'%), about g :
the peak volume, giving rise to the last two terms in the (—‘g N
energy?! - h
The island size distributionf(»;) depends on thise; .
througlt® ]
€ — MUY b X . A ]
f(v) = exp(— KeTs ) (2) 200 400 600 800 1000 1200

. . . . Island volume (nm3)
whereu is the chemical potential per atomic volume aad

is the Boltzmann constant. Unlike in the most recent devel- F|G. 13. Comparison of experimentally observed island size dis-
opments of the equilibrium modé, we have not, as yet, tributions(see Fig. 4 at 730°C with fitted island size distributions
undertaken a self-consistent calculation of the chemicafor both the smallefcircles and larger(crosse}islands, for cov-
potential. Instead, we have taken a similar approach terages of 3.0 and 3.7 ML, as indicated.
Williams et al?! Using the expressions for the distributions
(2) and internal energiegl), we have fitted the model pa-  The results of the fit are good, with a total figure of merit
rametersA, B, C, D, andu, to the available data at all cov- of 9=0.22 across the entire set of data presented in Fig. 4.
erages in order to determine how the various contributions qypically a Q value this high would indicate an extremely
the elastic energy change as a function of growth conditiongygoq fit. However, the limited number of counts in the peaks
We then used our empirical functions to fit the modelyrevents us from making very strong claims that the model is
across multiple data sets, to determine how .weII the OPtithoroughly validated for the GaN/AIN system. For compari-
mized model compares with the overall behavior of the syssg, we have also attempted to fit the data with two other
tem. Unfortunately, experimental data on the values of thynctional forms: the model of Wiliam®t al.2! and the
surface and edge parameters in the GaN/AIN system are nfeyristic sum of two Gaussian distributions. These fits were
available. The fit values we have determined are constralne,qlmrkemy worse, and it was not possible to find parameters
only by general consideratiod$8 is taken to be dependent that fit the entire set of data with a reasonaflevalue. It
on the coverage due to the island interactiqnss taken 0 yould also be informative to attempt to fit these data to a
be a nonlinear function of coverage and temperature due t@netic model, but no predictive ripening model is yet avail-
its dependence on the chemical potential, and the parametese in the literature. From these findings we may infer that
A, C, andD are constant. Based on the results of the Ge/Sjne fit to the equilibrium model is consistent with the experi-
model, we expecB to vary linearly with coverage over the menta) distributions but larger data sets and/or tighter physi-
range of interest 1 M ® <5 ML: B(®)=By+b0. cal constraints on the parameters are required in order to

The parameters were fit to the experimental datdat make a definitive statement about the validity of the model in
=730°C, producing the following best fitAA=A -As  describing the GaN/AIN system.

=0.00110, Bg,=-0.200, bg=0.225, Cg=-5.35, Dg=9.34,
B (,=-0.660,b, =0.223,C =-5.55, andD =21.7. The units
for these parameters are such that energy is measukgddn
with Tg=730C, v is measured in nfand©® is measured in Using ex situAFM, we have studied the evolution of thin
ML. Given these parameterg(0) is related to the coverage GaN layers grown by plasma-assisted MBE on AIB0Y) at
through the volume sum rul&qg. (9) of Ref. 26. The island  substrate temperatures between 700 and 750°C. Initially,
size distributions resulting from the fit &=3.0 and 3.7 ML 2 ML of GaN grow in a 2D mode, followed by the occur-
are shown in Fig. 13. The fit parameters appear to be consisence of 2D islands. These islands act as precursors for 3D
tent with the known properties of the GaN/AIN system—for islands, which appear after an SK transition around 2.3 ML.
example, theB parameter, relating to the surface energy ofDuring further growth, in particular at higher temperatures, a
the islands shows a similar variation for each island typepimodal island size distribution is observed. Remarkably, the
which is unsurprising if both island types are dominated bysize of mode 1 islands is found to be independent of cover-
the same facet. age and temperature, whereas the size of mode 2 islands

V. CONCLUSION
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increases with coverage and temperature. The analysis of tlkeirther experiments on the annealing of dot arrays at growth
partial island densities reveals that, while the total islandemperature might also contribute to clarify to what extent
density remains constant, mode 1 islands transform duringhe growth proceeds near equilibrium or if kinetic effects are
growth into mode 2 islands. The aspect ratio of the islands ipredominant.

measured for both types of islands and it is found that they

are characterized by distinctively different aspect ratios, al-
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